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GROUND-WATER HYDROLOGY CHARACTERIZATION
FRENCH GULCH MINE POOL

Executive Summary

T h e F r e n c h G u l c h N o n p o i n t Sourc e ( N F S ) P r o j e c t w a s i n i t i a t e d
in 1990 by the S t a t e o f C o l o r a d o . The p u r p o s e o f t h i s p r o j e c t was
t o a d d r e s s nonpoint source d i s charge s f r o m th e W e l l i n g t o n - O r o (W-0)
mine and mi l l s i t e into F r e n c h C r e e k . T h i s ground-water h y d r o l o g y
s t u d y w a s j o i n t l y conducted wi th t h e C o l o r a d o D i v i s i o n o f M i n e r a l s
and G e o l o g y and th e U . S . Environmental P r o t e c t i o n Agency Region
V I I I W a t e r Management Div i s i on .

The s t u d y area i s l o c a t e d two m i l e s east o f B r e c k e n r i d g e ,
C o l o r a d o . E x t e n s i v e p l a c e r a n d underground l o d e min ing occurred
a l o n g F r e n c h G u l c h f r o m t h e l a t e 1 8 5 0 ' s t o t h e 1 9 6 0 ' s . . T h e W - 0
mine p r o d u c e d l a r g e q u a n t i t i e s o f zinc, l e a d , s i l v e r , and g o l d , and
minor amount s o f c o p p e r . The ore was e x t r a c t e d t h r o u g h an
e x t e n s i v e n e t w o r k o f t u n n e l s a n d a d i t s . A l a r g e p o r t i o n o f t h e
mine w o r k i n g s are b e l o w the e l e v a t i o n o f F r e n c h C r e e k and the
g r o u n d - w a t e r t a b l e . S e v e r a l l e v e l s a r e p r e s e n t l y f l o o d e d ( S A I C ,
1 9 9 3 & S t o v e r , 1 9 9 4 ) . T h e W e l l i n g t o n - O r o m i l l p r o c e s s e d o r e f r o m
1906 t o t h e 1 9 5 0 ' s . I t h a s been e s t i m a t e d that 3 2 , 0 0 0 cubic yard s
o f m i l l t a i l i n g s and 13,000 cubic y a r d s o f r o a s t e r f i n e s remain on
t h e s i t e ( S t o v e r , 1 9 9 4 ) .

S u r f a c e a n d g r o u n d - w a t e r s a m p l i n g have d e m o n s t r a t e d heavy
vi



metal l o a d i n g s f r o m the W-0 s i te into French G u l c h . M e t a l s are the
p r i m a r y cause of poor water q u a l i t y and la ck of trout p o p u l a t i o n s
in F r e n c h Creek and reduced trout p o p u l a t i o n s in the Blue River
i m m e d i a t e l y be low t h e c o n f l u e n c e with F r e n c h C r e e k ( S A I C , 1993 &
S t o v e r , 1 9 9 4 ) . Origins o f the French Creek heavy m e t a l s p o l l u t i o n
in c lude s u r f a c e and ground-water sources. S u r f a c e sources consis t
o f m i l l t a i l i n g s d i s carded into French G u l c h , "roaster f i n e s " a t
the m i l l s i t e , and mine was t e rock. G r o u n d - w a t e r c on tamina t i on
sources ar e a s s o c i a t e d wi th dra inage f r o m th e f l o o d e d underground
mine w o r k i n g s and s e e p a g e o f i eacha t e f r o m s u r f a c e t a i l i n g s and
mine waste p i l e s . T h i s s t u d y f o c u s e d on c h a r a c t e r i z i n g the ground-
water t r a n s p o r t o f m e t a l s t o F r e n c h C r e e k . T h e a b i l i t y t o
c h a r a c t e r i z e , u n d e r s t a n d , and i s o l a t e sources o f c on tamina t i on w i l l
b e very u s e f u l f o r any f u t u r e s u r f a c e and underground r e m e d i a t i o n
a c t i v i t i e s .

T h e r e are two h y d r o s t r a t i g r a p h i c u n i t s in the v i c i n i t y o f th e
W - 0 s i t e ; a n a l l u v i a l a q u i f e r , a n d t h e u n d e r l y i n g f r a c t u r e d s h a l e
b edrock . The mine workings are a s soc ia t ed wi th the f r a c t u r e d sha l e
a n d T e r t i a r y i n t r u s i v e s t h a t c u t t h e s h a l e . A q u i f e r t e s t s were
c o n d u c t e d on the a l l u v i u m and s h a l e for the p u r p o s e of
c h a r a c t e r i z i n g ground-water f l o w between t h e t w o a q u i f e r s . G r o u n d -
water chemi s t ry and g e o l o g i c d a t a were a l s o i n t e g r a t e d to e v a l u a t e
the h y d r a u l i c c ommunica t i on be tween a q u i f e r s and to a s s e s s the
e x t e n t o f g round-wa t e r t r a n s p o r t o f m e t a l s t o F r e n c h C r e e k . T h i s
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s t u d y w i l l serve a s a p i l o t a p p r o a c h f or th e U . S . Environmental
P r o t e c t i o n Agency and the S t a t e of C o l o r a d o on chara c t e r i za t i on of
metal l o a d i n g s to s treams f r o m ground-water sources at inac t ive
mine s i t e s . In a d d i t i o n , r e su l t s f rom this s tudy can be a p p l i e d to
d e s i g n i n g and i m p l e m e n t i n g ground-water tracer surveys and
s e l e c t i n g r e m e d i a t i o n t e chniques a t F r e n c h G u l c h .

T h e a q u i f e r t e s t s , ground-water c h e m i s t r y , a n d g e o l o g y
i n d i c a t e d that the W-0 mine w o r k i n g s , the f r a c t u r e d sha l e b e d r o c k ,
and the a l l uv ia l a q u i f e r are in hydrau l i c communication. Drawdown
was observed in all moni t or ing w e l l s during the a l l u v i u m and s h a l e
c on s tan t d i s c h a r g e t e s t s . Drawdown versus time curves were
m o d e l l e d w i t h t h e c o m p u t e r s o f t w a r e p a c k a g e A Q T E S O L V ( G e r a g h t y &
M i l l e r , 1 9 8 9 ) . T h e best curve m a t c h i n g o f drawdown curves f o r t h e
a l l u v i a l a n d s h a l e a q u i f e r s occurred wi th l e a k y s e m i - c o n f i n e d
a q u i f e r s o l u t i o n s ( H a n t u s h a n d J a c o b , 1955 & H a n t u s h , 1 9 6 0 ) .
R e s u l t s f r o m t h e s l u g a n d con s tant d i s c h a r g e t e s t s f o r t h e a l l u v i a l
a q u i f e r i n d i c a t e d h o r i z o n t a l h y d r a u l i c c o n d u c t i v i t i e s o f 2 0 t o 6 5
f t / d a y which a r e t y p i c a l f o r sand a n d gravel ( K r u i s e m a n & D e R i d d e r ,
1 9 8 9 ) . T h e s h a l e a q u i f e r h o r i z o n t a l h y d r a u l i c c o n d u c t i v i t i e s
ranged f r o m 1.8 to 6 f e e t per day. T h e s e c o n d u c t i v i t i e s are very
h i g h f o r t y p i c a l s h a l e v a l u e s a n d a r e p r o b a b l y d u e t o f r a c t u r i n g
( K r u i s e m a n & D e R i d d e r , 1 9 8 9 ) . T h e s h a l e v e r t i c a l h y d r a u l i c
c o n d u c t i v i t i e s were e s t i m a t e d at 0.03 to 0.84 f e e t per day which
a r e a l s o very h i g h f o r t y p i c a l s h a l e va lu e s .
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The sha l e and a l luv ium ground-water chemis try were s i m i l a r
w i t h both waters having dominant calcium-magnesium cat ion f a c i e s
and an e x t r e m e l y dominant s u l f a t e anion f a c i e s . The m a p p i n g o f
.ground-water chemical parameter s and metal concentrat ions showed
that the m a j o r source of m e t a l s p o l l u t i o n i s in the area of the
mine and m i l l s i t e w i th the f r a c t u r e d s h a l e c o n t a i n i n g the most
p o l l u t e d waters . M e t a l p o l l u t e d ground-water in the v i c i n i t y o f
the W-0 mine and m i l l s i t e are c h e m i c a l l y very s i m i l a r to down
v a l l e y s e e p s that f l o w into F r e n c h Creek. H i g h iron c o n c e n t r a t i o n s
were observed w i th low cadmium, .zinc, and o th er me ta l
c o n c e n t r a t i o n s in the a l l u v i u m ground-water a s s o c i a t e d w i t h F r e n c h
G u l c h . T h i s m a y b e d u e t o t h e o x i d a t i o n o f iron s u l f i d e s . T h e
o x i d a t i o n p r o c e s s can absorb o ther m e t a l s f r o m th e ground wa t er s
a n d f o r m p r e c i p i t a t e s ( M a n a h a n , 1 9 9 1 ) .

W a r m e r a l l u v i u m ground-water t e m p e r a t u r e s were observed in the
v i c i n i t y o f t h e mine and m i l l s i t e . T h i s s u g g e s t s t h a t a t some
t i m e t h e r e ha s been an upward v e r t i c a l g r a d i e n t and i n f l u x f r o m
d e e p e r g r o u n d - w a t e r . The s t a t i c water l e v e l s in the area o f th e
c o n s t a n t d i s c h a r g e pump t e s t s and th e W-0 mine and m i l l s i t e
i n d i c a t e d t ha t the f r a c t u r e d s h a l e b e d r o c k may be a c t i n g as a s ink
f o r t h e mine a n d a l l u v i a l wat er s . P o t e n t i o m e t r i c s u r f a c e m a p p i n g
showed s i g n i f i c a n t g r o u n d - w a t e r f l o w f r o m t h e ' W - 0 mine a n d m i l l
s i t e i n t o F r e n c h G u l c h w i t h very h i g h h y d r a u l i c g r a d i e n t s o f 0.05
t o 0.1. It i s e s t i m a t e d that t h e average l inear v e l o c i t y f or th e



alluvium ground-water range f r om 3 to 22 f e e t per day and the sha l e
ground waters range f r o m 2 to 12 f e e t per day.

T h i s s t udy concluded that s i g n i f i c a n t me ta l s l o a d i n g into
F r e n c h Creek occurs f r o m the shale bedrock and the me ta l s are
t r a n s p o r t e d via ground-water pathways -to French Creek.— The
r e l a t i v e contr ibut ion o f s u r f a c e l eaching o f m e t a l s f r o m the mine
waste rock, r oa s t e r f i n e s , and m i l l t a i l i n g s and m e t a l s f r o m the
mine water s t o th e ground-wat er needs f u r t h e r i n v e s t i g a t i o n . The
f o l l o w i n g r e c ommenda t i on s w i l l a s s i s t in answer ing many que s t i on s
a d d r e s s e d in t h i s s t u d y :

( 1 ) monitor s t a t i c water l e v e l s i n t h e ground-water w e l l s t od e t e r m i n e s ea sonal changes in v e r t i c a l and h o r i z o n t a lg r o u n d - w a t e r movement;
( 2 ) i n s t a l l s t a g e r e c ord er s i n t h e mine poo l a n d F r e n c h

C r e e k ;
( 3 ) d r i l l a d d i t i o n a l s h a l e m o n i t o r i n g w e l l s i n t h e v i c i n i t yof a l l u v i a l w e l l #7 and the W-0 mine s i t e ,
( 4 ) d r i l l a n a l l u v i a l m o n i t o r i n g w e l l s ou th o f F r e n c h C r e e k

near the C o u n t r y Boy M i n e r o a d ;
( 5 ) c ompare t h e s h a l e w a t e r c h e m i s t r i e s wi th t h e a l l u v i a l ,mine , and s e e p w a t e r s ;
( 6 ) conduct g e o p h y s i c a l surveys o n t h e n e w w e l l s t o e v a l u a t e

v e r t i c a l g r o u n d - w a t e r movement;
( 7 ) - i n v e s t i g a t e t ra c er surveys that would in c orpora t e t h e

s h a l e w e l l s , a l l u v i a l w e l l s , mine w o r k i n g s , a n d t h e downv a l l e y s e e p s ;
( 8 ) c o n d u c t l e a c h i n g t e s t s o n t h e m i l l t a i l i n g s , r o a s t e rf i n e s , and mine w a s t e rock t o d e t e r m i n e t h e i r p o t e n t i a lf o r me ta l l o a d i n g ;
( 9 ) r e - d e s i g n t h e ' s u r f a c e wa t e r s a m p l i n g surveys



i n c o r p o r a t i n g the r e su l t s o f th i s s t u d y ;
( 1 0 ) evaluate the sur fac e and ground-water chemis try in termsof metal s p e c ia t i on , c ompl e xa t i on , s o l u b i l i t i e s / redoxreact i o n s 7 — i o n - e x c h a n g e , and other p o s s i b l e aquaticr e a c t i o n s ; and
( 1 1 ) c o m p i l e a l l ava i lab l e underground mine maps f o rvolumetric , metal l o a d i n g , and mass balance analyse s .



G R O U N D - W A T E R HYDROLOGY C H A R A C T E R I Z A T I O N
FRENCH G U L C H MINE POOL

I N T R O D U C T I O N
Background

T h i s s t udy wa s j o i n t l y conducted with th e C o l o r a d o Divi s ion o f
M i n e r a l s a n d G e o l o g y ( D M G ) a n d t h e U . S . Environmental P r o t e c t i o n
A g e n c y ( E P A ) Region V I I I W a t e r Management Divi s i on d u r i n g t h e
second h a l f o f 1994. . T h e F r e n c h G u l c h N o n p o i n t Source ( N P S )
P r o j e c t was i n i t i a t e d in 1990. The p u r p o s e o f the French G u l c h NPS
P r o j e c t wa s t o a d d r e s s nonpo in t source d i s c h a r g e s f r o m th e
W e l l i n g t o n - O r o ( W - 0 ) mine a n d m i l l s i t e in to F r e n c h C r e e k . N P S
p r o g r a m s a r e a u t h o r i z e d b y S e c t i o n 3 1 9 o f t h e F e d e r a l C l e a n W a t e r
A c t . T h e U . S . E n v i r o n m e n t a l P r o t e c t i o n A g e n c y ( E P A ) a d m i n i s t e r s
S e c t i o n 3 1 9 N P S p r o v i s i o n s b y p r o v i d i n g grant f u n d s t o S t a t e
a g e n c i e s . T h e C o l o r a d o D e p a r t m e n t o f H e a l t h ' s W a t e r Q u a l i t y
C o n t r o l Divi s i on ( C D H ) i s t h e r e s p o n s i b l e agency f o r a d m i n i s t r a t i n g
C o l o r a d o ' s n o n p o i n t source p r o g r a m . C o l o r a d o ' s D i v i s i o n o f
M i n e r a l s a n d G e o l o g y ( D M G ) h a s been d e s i g n a t e d a s t h e " o p e r a t i n g
a g e n c y " f o r t h e F r e n c h G u l c h N P S P r o j e c t ( S A I C , 1 9 9 3 ) . T h e E P A
a l s o p r o v i d e s t e c h n i c a l a s s i s t a n c e t o D M G .



Descript ion of S t u d y Area

F r e n c h Creek o r i g i n a t e s a long the Cont inen ta l Divide in Summit
C o u n t y and f l o w s north and west for over six mi l e s to its
c o n f l u e n c e wi th the Blue River near the town of B r e c k e n r i d g e ,
C o l o r a d o ( F i g u r e 1 ) . T h e Blue River f l o w s into t h e D i l l o n
Reservoir a p p r o x i m a t e l y t e n m i l e s north o f B r e c k e n r i d g e . T h e
W e l l i n g t i o n - O r o ( W - 0 ) s i t e i s l o ca t ed in th e v a l l e y o f F r e n c h G u l c h
about two mile s ups tream ( e a s t ) o f Breckenr idge . E x t e n s i v e p l a c e r
and underground l o d e mining occurred . in t h i s g l a c i a t e d h i g h
m o u n t a i n v a l l e y f r o m t h e l a t e 1 8 5 0 ' s t o t h e 1 9 6 0 ' s . L o d e mining
was concentrat ed on the f a i r l y s t e e p v a l l e y s i d e s where l e a d - z i n c -
s i l v e r s u l f i d e ores and rich g o l d ores were f o u n d in veins
a s s o c i a t e d wi th p a r t i a l l y me tamorpho s ed C r e t a c e o u s s e d i m e n t s and
i n t r u s i v e T e r t i a r y quar tz m o n z o n i t e p o r p h y r y b o d i e s . L a r g e
f l o a t i n g d r e d g e boa t s were used t o p l a c e r mine t h e v a l l e y f l o o r f o r
g o l d f r o m g l a c i a l ou twa sh a n d s t r eam gravel d e p o s i t s ( S t o v e r ,
1 9 9 4 ) .

T h e r e are several abandoned mine s i t e s in the v a l l e y . The W-0
mine s i t e is the l a r g e s t and it is b e l i e v e d to be the g r e a t e s t
source o f heavy m e t a l s t o F r e n c h C r e e k ( S t o v e r , 1 9 9 4 ) . T h e W - 0
mine p r o d u c e d l a r g e q u a n t i t i e s o f zinc, l e a d , s i l v e r , and g o l d , and
minor amounts o f c o p p e r f r o m t h e e a r l y 1 8 8 0 ' s t o t h e 1 9 5 0 ' s ( S A I C ,
1 9 9 3 ) . Zinc wa s commonly d i s c a r d e d wi th th e t a i l i n g s d u r i n g e a r l y
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F I G U R E 1
L O C A T I O N MAP OF STUDY AREA

Colorado S p r i n g s



o p e r a t i o n s of the mine. Local sme l t e r s would not pro c e s s zinc in
t h e l a t e 1 8 0 0 ' s . Cadmium a n d other m e t a l s were a l s o d i s c a r d e d
throughout the mine and m i l l o p e r a t i o n s . The ore was e x t r a c t e d
t h rough an e x t en s iv e network of tunnel s and a d i t s . T h i s ne twork
c o n s i s t e d of at l e a s t e i gh t e en l e v e l s . More than s ix of these
t unne l s and a d i t s are below the e l evat ion of F r e n c h Cre ek and the
g r o u n d - w a t e r t a b l e . M i n i n g w a s d i s c on t inued i n t h e 1 9 5 0 ' s d u e t o
t h e p r o h i b i t i v e e xp en s e a s s o c i a t e d wi th p u m p i n g water f r o m t h e
underground mine. A s i g n i f i c a n t p o r t i o n o f the mine i s p r e s e n t l y
f l o o d e d ( S A I C , 1 9 9 3 ) . T h e f l o o d e d p o r t i o n r e p r e s e n t s over 8 0 % o f
the mine w o r k i n g s . A m i l l was l o c a t e d on the W-0 s i t e to p r o c e s s
ores f r o m 1908 until the 1 9 5 0 ' s when mining a t the W-0 s i t e c eased.
It has been e s t imated that 32,000 cubic yards o f m i l l t a i l i n g s and
1 3 , 0 0 0 cubic y a r d s o f r o a s t e r f i n e s remain o n t h e s i t e ( S t o v e r ,
1 9 9 4 } .

E x c e s s i v e c o n c e n t r a t i o n s o f cadmium, c o p p e r , iron, l e a d , zinc
and o th e r m e t a l s occur in the g r o u n d - w a t e r u n d e r n e a t h the W-0 s i t e
( T a b l e I ) . T h e s e m e t a l s have been d e t e c t e d i n F r e n c h C r e e k a n d t h e

B l u e R i v e r ( F i g u r e 2 , T a b l e I I ) . Z i n c a n d cadmium t o x i c i t y have
e l i m i n a t e d trout p o p u l a t i o n s f r o m t h e lower t w o m i l e s o f F r e n c h
C r e e k and have caused reduced trout p o p u l a t i o n s in the Blue River
t h r e e m i l e s d o w n s t r e a m f r o m t h e c o n f l u e n c e w i th F r e n c h G u l c h
( S t o v e r , 1 9 9 4 ) . F r e n c h C r e e k mee t s t h e c l a s s 1 c o ld wa t er a q u a t i c

l i f e s t r eam c l a s s i f i c a t i o n s t a n d a r d above t h e W - 0 s i t e . Below t h e



T a b l e I Ground-Water Chemis try
A L L U V I A L G R O U N D - W A T E R Q U A L I T Y D A T A FROM J U N E A N D A U G U S T , 1991: T O T A L

M E T A L S ( / i g / l ) *

M e t a l

A l u m i n u m
C a d m i u m

C o p p e r
I r o n

Lead
M a n g a n e s e

N i c k e l
S e l e n i u m

S i l v e r
Z i n c

W e l l Number
1

2600/3300
1 6 0 / 1 2 0

7 1 / 6 9
85000/53000

560/1000
31000/25000

1 1 0 / 1 0 0
2 7 / 2 6

1 . 2 / 2 . 0
110000/94000

2
95
09
<4

74000
<5

26000
100
26
03

43000

3
N / A

9 - 1 / 5 7
4 7 / 1 9

190000/200000
< 2 0 / 3 4 0

N / A
N / A
N / A
N / A

120000/1 10000

4
33000/84

5 3 / 4 2
2 7 0 / 1 0

120000/86000
1000/50

36000/32000
2 1 0 / 1 6 0

2 5 / 2 3
1 . 7 / 0 . 3

140000/120000

5
11000/490

7 1 / 7 8
100/68

100000/65000
320/70

31000/34000
1 4 0 / 1 6 0

2 5 / 2 2
0.9/20

110000/120000

6
75000

230
660

270000
6700

62000
300
38

20.0
200000

7
17000/4300

2474.2
1 5 0 / 1 2 0

57000/30000
700/600

9100/130000
27/<40

2 6 / 1 6
4.0/2.0

18000/8800

8
260.000/<50

2 2 0 / 1 8 0
340/<4

2300000/77000
1700/190

88000/37000
360/130

60/36
8.3/0.3

570000/140000



T a b l e I ( c o n t i n u e d )
G R O U N I W A T E R Q U A L I T Y D A T A FROM N O V E M B E R 1993: T O T A L M E T A L S , (dig/!)*

W e l l N o .
1
2
3
4
5
6
7

8L
8U
9

I I
12
13
14

A l u m i n u m
N / A
N / A
N / A
N / A
N / A
N / A
<40
N / A

39.800
no
308

10,250
N / A
185

C a d m i u m
54.6
2 9

260
36.2
61 3
6 3

1 1
197
484
1 8

24 8
1 1 3

3.650
<0.5

C o p p e r
12.7
1.6
0.6
2.5
3.5
1.3
1.8
2 2
137
2 8
6 4

34.4
154
2 . 1

I r o n
94,910
157,800
246,100
8 0 , 1 1 0
99,360
56.700
50,400
105,500
54 1 ,800

436
276.

18.490
46,200

1 1 6

Lead
290
2.5
139

33.2
20.9
15.6
3.3

66.1
1,107

6 1
3 6 7
47.4
685

1 . 1

Manganese
33.120
28,990
41,160
31.900
35,990
21.670
15,600
45,250
51,940

32
78

1 , 5 3 1
1 30.200

493

N i c k e l
N / A
N / A
N / A
N / A
N / A
N / A
< I 5

' N / A
N / A
< I 5
< I 5
< I 5

1,078
< I 5

S i l v e r
<0.3
<0.3
<0.3
<03
<0.3
<0.3
<0.3
<0.3

1.0
<0.3
<03
<03
0.7

<0.3

Zinc
125,300
73380

133.100
121.900
127.900
47.980
21.360
190.900
262.900

129
2.977

•:; 2,082
1,448.000

64
* S a m p l e s were o b t a i n e d at one d e p t h for all w e l l s e x c ep t #8. D e p t h s on w e l l s 1, 3, 4, 5, and 7 were not d e s i g n a t e d ( i . e . , data arc not d i r e c t l y comparab l e to T a b l e 3A).

f r o m S A I C ( 1 9 9 4 )



F I G U R E 2
MAP

OF
FRENCH CREEK AND BLUE RIVER

W A T E R S A M P L E L O C A T I O N S



F G O F r e n c h G u l c h above Famcomb H i l l t a i l i n g sF G 1 F r e n c h G u l c h above Mcleod T u n n e lFG2 F r e n c h Gulch below mixing zone ol McLeod TunnelF G 3 F r e n c h G u l c h below Mineral H i l l M i n eF G 4 F r e n c h Gulch below Ex t enua t e MineF G 5 F r e n c h Gulch above W e l l i n g t o n MineFG 6 Culvert draining W e l l i n g t o n Mine t a i l ing sF G 6 A M i n e dra inage d i t c h below culvertF G 7 M i n e dra inage d i t c h above pondFG8 F r e n c h Gulch above pondFG9 French Gulch about 50 meters above confluence withBlue RiverBRI Blue River about 15 meters above c o n f l u e n c e withF r e n c h GulchBR2 Blue River about 50 meters below confluence withF r e n c h GutehBR3 Blue River about 3.3 mile s downstream ol BR2BR4 Blue River 20 meters above confluence with theSwan RiverBR5 Blue River at gaug ing s tat ion below the c on f luence withwi th the S w a n River
NOTE: Map is not lo scale

McLvod
Tunntl

French Creek

f r o m S A I C ( 1 9 9 4 )



T a b l e I I F r e n c h Creek a n d Blue River Chemi s t ry
F R E N C H G U L C H N O N P O I N T S O U R C E S T U D Y : M A Y 1989, S E P T E M B E R 1989,

S E P T E M B E R 1990 A N D S E P T E M B E R 1992, O C T O B E R 1993, A N D N O V E M B E R 1993 0 » g / l ) ( c o n t i n u e d )

S a m p l e S i t e Date
F r e n c h G u l c h W a t e r

Q u a l i t y S t a n d a r d s
F G 9 5 / 8 9

9 / 8 9
9 / 9 2
1 0 / 9 3
1 1 / 9 3

p l l

6.5-9.0

6.85
5.84
7 91
7 80
7.75

C a d m i u m
( T / D )

2.2:4

8.2/7 .1
4.3/4.3

5 . 9 / 6
6.8/6.6
8.4/7.4

C o p p e r
( T / D )

17.8:11.8

B D / B D
B D / B D
1 3 / < l
< ! / < !
l . 6 / < 1

I r o n
( T / D )

1,000: N o n e

3 3 0 / N S
1 4 0 / N S

1 6 4 / < I O
1 0 5 / 1 4

! 7 l / < 5

Lead
( T / D )
N o n e
6 / B D

B D / B D
7 . 8 / < 3
9 . 0 / 1 . 4
8 . 6 / 1 . 6

A«( T / D )

N / A : . I
B D / B D
B D / B D
< ! / < !

<0.3/<0.3
<0.3/<0.3

Mn
( T / D )

l ,000:None

7 4 0 / N S
4 6 0 / N S
3 5 5 / 3 6 1
4 I 3 M 6 0
5 3 8 / 5 2 4

Zinc
( T / D )

N / A : 1,980
4400/4500
1900/1900
1 9 2 3 / 1 8 3 0
2605/2872
3 4 1 1 / 3 3 3 7

K e y : S t a n d a r d S l a j x l n r d - A c u t e . C h r o n i c ; N S - N o t S a m p l e d ; T - T o t a l ; D • D i s s o l v e d ; B D - Below d e t e c t i o n l i m i t s ; N / A - N o S t a n d a r d
' T h e M a y 1989 F G D 4 s a m p l e c o l l e c t e d d i r e c t l y f r o m mine was t e p i l e r u n o f f . Other F G D 4 va lu e s represent sample* co l l e c t ed f rom t h e
F r e n c h Creek a l t h e E x t e n u a t e s i t e .

F R E N C H G U L C H N O N P O I N T S O U R C E S T U D Y : M A Y 1989, S E P T E M B E R 1989,
S E P T E M B E R 1990, S E P T E M B E R 1992, O C T O B E R 1993, A N D N O V E M B E R 1993 ( j i g / D ( c o n t i n u e d )

S a m p l e
S i t e D a t e

B l u e River \VQ
S l u n d n r d s

B R I 5 / 8 9
9 / 8 9
9/90
9 / 9 2
1 0 / 9 3

p l l
6.5-9.0

7 5 1
6.41

N S
8 36
7.98

C a d m i u m
( T / D )

2 . 2 : 1 . 1

.44/ 30
B D / B D
N S / B D

< 0 5 / < 0 5
< 0 5/ < 0/5

C o p p e r
( T / D )

17.8:11.8

6 / 7
B D / B D

N S / 5
1 8/< 1
< ! / < !

I r o n
( T / D )

l , 0 0 0 : N o n e

7 7 0 / N S
B D / N S
N S / B D

! 6 4 / < 10
6 5 / 1 8

Lead
( T / D )

95.8:3.89

8 / B D
B D / B D
N S / B D
3 . 7 / < 3
< ! / < !

A g( T / D )
2.0:0.075

B D / B D
B D / B D
N S / B D
< ! / < !

<0 .3/<0.3

Mn
( T / D )

1,000: N o n e

B D / N S
B D / N S
N S / B D

1 7 / 5
4.0/2 0

Zinc
( T / D )
218:45

110/60
1 0 / B D

N S / B D
0224/0 .072

2 9 / 2 2



T a b l e I I ( c o n t i n u e d )
F R E N C H ( J U L C H N O N P O I N T S O U R C E S T U D Y : M A Y 1989, S E P T E M B E R 1989,

S E P T E M B E R 1990 A N D S E P T E M B E R 1992, O C T O B E R 1993, A N D N O V E M B E R 1993 (ngl\) ( c o n t i n u e d )

S a m p l e S i t e Date
F r e n c h ( J u l c h W a t e r

Q u a l i t y S t a n d a r d s
F G 5

F G 6
F G 6 A

F C 7

F G 8

5 / 8 9
9 / 9 2
1 0 / 9 3
1 1 / 9 3
5 / 8 9
5 / 8 9
9 / 8 9
9 / 9 2
1 0 / 9 3
1 1 / 9 3
5 / 8 9
9 / 9 2
1 0 / 9 3
1 1 / 9 3
5 / 8 9
9 / 8 9
9 / 9 2
1 0 / 9 3
1 1 / 9 3

p l l

6.5-9.0

7.42
6 8 3
799
7 88
4.37
6.33
5.23
6.03
6 7 3
6 6 7
690
6.54
792
7 80
7 18
6.17
6 69
7 31
7 2 9

C a d m i u m
( T / D )

2.2:4

B D / B D
0 6 / < 0 5

< 0 . 5 / < 0 . 5
<0 5 / < 0 5

6 1 / N S
2 9 / 2 5
3 1 / 4 3

1 5 / 1 4 . 9
2 5 . 6 / 2 4

2 5 . 0 / 2 1 . 6
1 2 / 1 2

6 . 7 / 6 . 3
7 .9 /7 .4
9 . 7 / 9 . 5

2 / 1 8
2 / 1 9

4 . 9 / 4 . 6
3 .0/7 .5
4 .6/4 .6

C o p p e r
( T / D )

17.8:11.8

B D / B D
1 I / < 1
< ! / < !
l . 9 / < l
B D / N S

2 2 / 1 1
6 / B D

< ! / < 1
6 0 / 6 0
4 . 2 / < 6
B D / B D
< l / < 1
< l / < 1
< l / < 1
B D / B D
B D / B D
1 6/< 1
< t / < 1
< l / < 1

I r o n
( T / D )

1,000: N o n e
B D / N S

5 2 / < I O
8 3 / 1 5
6 2 / 3 7

3 7 0 0 / N S
2 8 0 0 0 / N S
66000/NS

41080/38540
6 2 0 9 1 / 6 2 5 7 0
60620/58400

1 2 0 0 / N S
302/27
2 8 2 / 1 0
2 9 6 / 5 6
B D / N S
B D / N S
1 1 3 / 3 0
4 3 / 2 1

2 7 / < 5

Lead( T / D )
N o n e

B D / B D
< 3 / < 3
l . 0 / < l
< ! / < !
2 7 0 / N S
8 2 / B D
3 3 / B D

5 6 . 7 / 3 . 6
7 2 . 1 / 3 . 3

7 3 / 6 . 0
5 / B D

< 3 / < 3
l . 9 / < l
2 . 6 / < 1
B D / B D
B D / B D
< 3 / < 3

< 1/9
< l / < 1

A«( T / D )

N / A : . I

B D / B D
< ! / < !

<0.3/<0.3
<0.3/<0.3

. 3 4 / N S

.33/.30
BD/BD
1 . 7 / 2 . 9

<0.3/<0.3
<0.3/<0.3

B D / B D
< ! / < !

< 0 3 / < 0 . 3
. < 0 3 / < 0 . 3

B D / B D
B D / B D
< ! / < !

<0 3 / < 0 3
< 0 3 / < 0 3

Mnr r / D )
1,000: N o n e

B D / N S
12/2

17/3.0
1 8 / 2 2

4 9 0 0 / N S
17000/NS
26000/NS

15690/15720
24900/26040
24080/23500

3 9 0 0 / N S
699/698
729/767
8 5 2 / 8 6 0
B D / N S
B D / N S

2 1 8 / 2 2 4
8 3 / 8 8

1 4 1 / 1 4 3

Zinc
( T / D )

N / A : 1,980

20/10
1 1 5 / 8 4
67/27

80/109
1 7 0 0 0 / N S

51000/49000
66000/7000

43360/41260
69000/69550
64930/60400

14000/9300
3000/2827
3 1 9 3 / 3 2 5 4
4 1 8 3 / 4 1 9 8

660/650
470/460

1 5 4 7 / 1 5 1 6
749/792

1 4 5 3 / 1 4 7 9 1



T a b l e I I ( c o n t i n u e d )
F R E N C H G U L C H N O N P O I N T S O U R C E S T U D Y : M A Y 1989, S E P T E M B E R 1989,

S E P T E M B E R 1990, S E P T E M B E R 1992, OCTOBER 1993, A N D N O V E M B E R 1993 0 * g / l ) (cont inued)
S a m p l e

S i t e
H l u e R i v e r

S U t n d a r

BR2

BR3

D R 4

BR5

Dale
W Q

ds
1 1 / 9 3
5 / 8 9
9 / 8 9
9/90
9 / 9 2
1 0 / 9 3
1 1 / 9 3
5 / 8 9
9 / 8 9
9/90
1 0 / 9 3
1 1 / 9 3
9/90
9 / 9 2
9/90
9 / 9 2

p ! I
6.5-9.0

7.84
690
6.10

N S
7 98
7 85
7 71
7 46
6 64

N S
8 18
8 13

N S
8.30

N S
8 32

C a d m i u m
( T / D )

2.2:1.1

0 6 / < 0 5
6 / 6

4.4/4.3
N S / 4 . 8
5 . 5 / 5 . 1
6 . 9 / 6 . 7
7 . 2 / 6 . 8
4 0 / 4 0

0 . 5 / 0 . 4
N S / 4 . 3

< 0 5 / < 0 . 5
0 6 / < 0 . 5

N S / 2 . 2
0 8 / < 0 5

N S / 0 . 3
< 0 5 / < 0 5

C o p p e r
( T / D )

17.8:11.8

1 . ! / < !
B D / B D
B D / B D
N S / B D
1 3 / < l
< I / I 0
< l / < 1
B D / B D
B D / B D
N S / B D
< ! / < !
1 7 / < l
N S / B D
l . 7 / < 1
N S / B D
< ! / < 1

I r o n
( T / D )

1,000: N o n e

1 4 7 / 1 1
2 8 0 / N S
1 4 0 / N S
N S / B D

! 6 4 / < 10
1 1 9 / 1 4
1 2 7 / 3 4

B D / N S
B D / N S
N S / B D
1 4 8 / 2 2

2 4 8 / 1 2 7
N S / B D

4 5 / < I O
N S / B D

4 6 / < I O

Lead
( T / D )

95.8:3.89

1 .0/ < 1
5 / B D

B D / B D
N S / B D
5 . 5 / < 3
9 . 7 / 1 . 8
1 0 . 4 / 1 . 9
B D / B D
B D / B D
N S / B D
3 . 2 / < l
2 . 2 / < l

N S / B D
3 . 6 / < 3
N S / B D
3 . 8 / < 3

Ag
( T / D )

2.0:0.075

<0.3/<0.3
B D / B D
B D / B D
N S / B D
< ! / < !

<0.3/<0.3
< 0 3 / < 0 . 3

B D / B D
B D / B D
N S / B D

<0.3/<0.3
< 0 3 / < 0 . 3

N S / B D
< ! / < !
N S / B D
< ! / < !

Mo
( T / D )

l ,000:None

8.0/2.0
7 1 0 / N S
5 2 0 / N S
N S / 5 3 0
365/368
452/496
3 6 6 / < l
B D / N S
B D / N S
N S / 4 8 0

10/3.0
I O / < !

N S / B D
6 / 3

N S / B D
5 / 3

Zinc
( T / D )

218:45

35/23
4300/4200
2200/1700

N S / 2 0 0 0
1993/1887
2821/3077
2931/2946

70/80
70/50

N S / 1 9 0 0
8 3 / 7 1
83/60

N S / 6 3 0
74/53

N S / 1 9 0
44/31

K e y : S t a n d a r d : S l a n d n r d • A c u t e - C h r o n i c ; N S - N o t S a m p l e d ; T - T o t a l , D - D i s s o l v e d ; B D • Below d e t e c t i o n l i m i t s ; N / A • N o S t a n d a r d
' T h e M a y 1989 F G D 4 s a m p l e c o l l e c t e d d i r e c t l y f r o m mine was t e p i l e r u n o f f Other F G D 4 value s represent s ampl e s c o l l e c t e d f r o m I h c
F r e n c h Creek a t the E x t e n u a t e s i t e .

f r o m S A I C ( 1 9 9 4 )



W-0 s i t e F r e n c h G u l c h does not meet e i ther c la s s 1 or the c l a s s 2
recreation de s ignat ion. Metal p o l l u t i o n f r o m French G u l c h r e s u l t s
in zinc and cadmium concentrat ions in the Blue River, be low its
c o n f l u e n c e with French G u l c h , e x c e ed ing th e C o l o r a d o Depar tment o f
H e a l t h ' s chronic t o x i c i t y values f o r trout ( T a b l e s I I & I I I ) b y 3 8
to 93 t imes for zinc and 3 to 4 times for cadmium ( S t o v e r , 1 9 9 4 ) .

T A B L E I I I
C H R O N I C T O X I C I T Y V A L U E S 1 F O R R A I N B O W . BROWN. A N D BROOK T R O U T

M E T A L
C a d m i u mZ i n c

R A I N B O W
unk.47.0

BROWN
2.02

225.0

BROOK
1 .7-3.4
532.0-1368.0

1 M e t a l concentration in u g / l2 Accl imated troutunk. unknown concentrationa f t e r : Lehnertz , 1989. D r a f t C l e a r Creek Basin 1989 Report

T h e s e w a t e r s f l o w in to t h e D i l l o n Reservoir which i s a m u n i c i p a l
water s u p p l y f o r t h e Denver M e t r o Area ( S t o v e r , 1 9 9 4 ) .

P o s s i b l e sources o f t h e F r e n c h C r e e k heavy m e t a l s p o l l u t i o n
f r o m th e W-0 s i t e i n c l u d e bo th s u r f a c e water and ground water
( F i g u r e 3 ) . S u r f a c e c o n t a m i n a t i o n i n c l u d e s d i r e c t r u n o f f o f
l e a c h a t e f r o m s u r f a c e t a i l i n g s a n d l e a c h i n g o f m e t a l s f r o m t a i l i n g s
t h a t were d i s c a r d e d d i r e c t l y into F r e n c h G u l c h . G r o u n d - w a t e r
c o n t a m i n a t i o n sources i n c l u d e d r a i n a g e f r o m f l o o d e d underground
mine w o r k i n g s a n d s e e p a g e o f l e a c h a t e f r o m s u r f a c e t a i l i n g s which
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F I G U R E 3
S C H E M A T I C C R O S S S E C T I O N

OF
F R E N C H G U L C H

A N D T H E
W E L L I N G T O N - O R O M I N E A N D M I L L S I T E
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Cross S e c t i o n t h r o u g h F r e n c h G u l c h a t W e l l i n g t o n / O r o M i n eJ u n e 1991 H i g h F l o w

mm
o
U.

Dredge T a i l s
T a i l i n g sPond

: ; : ; : ; f | r l ; f : f i l l j l l | | f p ^
' ^^^^^W^^^^^^^^^^^^L^^i^S^^\\ \ ^ ; / ; : • ; ; ; ' - ^ j i & M

\ \/flll^|PR!|ll^ : ' > : ^ ;
M i l l"Roaster Fine s "

- . to10A l l u v i u m

"-"-"-Frac tured , M i n e r a l i z e d S h a l e Bedrock I - I - I - I - I - _ _
l=id^|<i \N^^jj»

No. 3 Level

P o t e n t i a l Sourc e s o f H e a v y M e t a l s P o l l u t i o n
A. Mil l t a i l i n g s in a l l u v i u m , saturated by F r e n c h G u l c h
B. I n c i d e n t p r e c i p i t a t i o n leaches mine and m i l l waste to water t a b l e "-;
C. M i n e pool f r o m W e l l i n g t o n / O r o c o m p l e x dra in s to a l l u v i u m of F r e n c h G u l c h -^
Data f r o m mine maps and moni tor ing well drill logs. I n t e r p r e t a t i o n by B.K. Stover

L e v e l a 4 t o 7 - - • - . - _ - _ - _ - - -



eventually enter French Creek by ground-water discharge. Extensive
f r a c t u r i n g within the sha l e bedrock and f a u l t s in the area may
enhance ground-water f l o w in the bedrock. The French G u l c h area
is u n d e r l a i n by Cre ta c eou s s h a l e , l ime s t one , and q u a r t z i t e ;
J u r a s s i c s ha l e and s a n d s t o n e ; and T e r t i a r y monzonite and quartz
monzonite p o r p h y r y ( L o v e r i n g , 1 9 3 4 ) . T h i n Quaternary g l a c i a l
m a t e r i a l commonly covers t h e bedrock. The F r e n c h G u l c h v a l l e y
f l o o r i s f i l l e d wi th a p p r o x i m a t e l y f i f t y f e e t o f g l a c i a l a l l u v i u m
and c o l l u v i u m that th in s and p i n c h e s out a l o n g the v a l l e y s i d e
s l o p e s ( S A I C , 1993 & S t o v e r , 1 9 9 4 ) . T h e r e a r e t w o
h y d r o s t r a t i g r a p h i c units that are p r o b a b l y h y d r a u l i c a l l y connected
in the v i c i n i t y of the W-0 s i t e ; an a l l u v i a l a q u i f e r , and the
u n d e r l y i n g f r a c t u r e d s h a l e b edro ck . T h e mine w o r k i n g s a r e
a s s o c ia t ed wi th th e f r a c t u r e d sha l e and T e r t i a r y intrus ives ( F i g u r e
3) .

Purpose and S c o p e

The p u r p o s e o f t h i s s t u d y i s t o c h a r a c t e r i z e t h e ground-wa t e r
h y d r o l o g y , i n t h e v i c i n i t y o f t h e W - 0 mine a n d m i l l s i t e . T h e
o b j e c t i v e o f t h e s t u d y i s t o i d e n t i f y a n d q u a n t i f y ground-wat er
f l o w be tween t h e f r a c t u r e d sha l e a n d a l l u v i a l a q u i f e r s . T h e
i n t e g r a t i o n o f t h e g r o u n d - w a t e r h y d r o l o g y wi th ground-water
c h e m i s t r y d a t a and g e o l o g i c i n f o r m a t i o n w i l l b e used to e v a l u a t e
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the extent of ground-water transport of me ta l s to French Creek.
The s c ope o f th e s t u d y inc lude s c o m p i l i n g and i n t e r p r e t i n g
avai lab l e data c o l l e c t e d at French G u l c h since 1990 and c o n d u c t i n g
a q u i f e r t e s t s on the al luvium and shal e . C o m p a r i s o n of the
ground-water chemistry between a q u i f e r s w i l l be used to a s s e s s the
d e g r e e and d i r e c t i o n of h y d r a u l i c communication. G e o l o g i c and
water chemi s try d a t a . w i l l a l so h e l p charac t er ize t h e f a t e o f m e t a l s
in the sy s t em. The a b i l i t y to charac t e r i z e , u n d e r s t a n d , and
i s o l a t e sources o f contaminat ion w i l l be very u s e f u l for any f u t u r e
s u r f a c e a n d underground r e m e d i a t i o n a c t i v i t i e s . T h i s s t u d y w i l l
a l s o s u p p l y the EPA and S t a t e wi th an a p p r o a c h to c h a r a c t e r i z e
metal l o a d i n g s to streams f r o m ground-water sources at abandon mine
s i t e s . I n g e n e r a l , p r e v i o u s S t a t e a n d E P A R e g i o n V I I I
i n v e s t i g a t i o n s at inac t iv e mine s i t e s have not e m p h a s i z e d the
c o n t r i b u t i o n of ground-water as a p o t e n t i a l source of c o n t a m i n a t i o n
a n d t r a n s p o r t mechani sm ( W i r e m a n , p e r s . comm. 1 9 9 4 ) . T h i s s t u d y
r e p r e s e n t s a more c o m p l e t e g r o u n d - w a t e r c h a r a c t e r i z a t i o n p r i o r t o
r e m e d i a t i o n than t y p i c a l i n a c t i v e mine s i t e c h a r a c t e r i z a t i o n s .
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D A T A B A S E A M D M A P P I N G

A G e o g r a p h i c I n f o r m a t i o n S y s t e m ( C I S ) w a s used f o r da taba s e
management , d a t a m a n i p u l a t i o n , a n d m a p p i n g . T h e G I S t e c h n o l o g y
u t i l i z e d w a s G e o G r a p h i x E x p l o r a t i o n S y s t e m ( G E S ) . G E S w a s de s igned
as a raster-based environment for g e o s c i e n t i s t s which s p e c i a l i z e s
in car tographi c i n f o r m a t i o n , well and g eophys i ca l da ta , and contour
m a p p i n g . The core of the s y s t e m is a r e l a t i o n a l da taba s e manager
w i t h a M i c r o s o f t W i n d o w s i n t e r f a c e that accesses several modul e s
which can be run on a 486 per s ona l computer ( G e o G r a p h i x , 1 9 9 1 ) .
S e l e c t e d chemical and g e o l o g i c d a t a were entered into the GES
d a t a b a s e f o r m a p p i n g . I n a d d i t i o n , the s e d a t a were a l s o entered i n
Quatro P r o ( Q P R O ) s p r e a d s h e e t s f o r a n a l y s i s a n d g r a p h i n g .

Base maps f or th e area o f s t u d y were c o n s t r u c t e d by d i g i t i z i n g
p a p e r m a p s ( F i g u r e s 1 & A ] . T h e p a p e r m a p sources i n c l u d e d U . S .
G e o l o g i c a l S u r v e y ( U S G S ) 7 . 5 m i n u t e t o p o g r a p h i c maps ( B r e c k e n r i d g e
a n d Boreas P a s s Q u a d r a n g l e s ) , U S G S G e o l o g i c M a p s ( R a n s o m e , 1911 &
L o v e r i n g , 1 9 3 4 ) , a n d a o n e inch t o f i f t y f e e t s c a l e d t w o f o o t
c o n t o u r t o p o g r a p h i c m a p p r o d u c e d f r o m a e r i a l surveys ( H o r i z o n s ,
1 9 9 2 ) . D M G g e o l o g i s t Bruce S t o v e r a s s i s t e d i n s p o t t i n g t h e
m o n i t o r i n g w e l l l o c a t i o n s a n d o t h e r f e a t u r e s o n t h e H o r i z o n
t o p o g r a p h i c map. T h e H o r i z o n t o p o g r a p h i c m a p d i d n o t i n d i c a t e a n y
p r o j e c t i o n . K n o w n l a t i t u d e a n d l o n g i t u d e r e g i s t r a t i o n p o i n t s o n
t h e U S G S t o p o g r a p h i c m a p were t i e d into t h e H o r i z o n m a p a n d w e l l s
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F I G U R E 4
BASE MAP OF STUDY AREA

M O N I T O R I N G W E L L C O M P L E T I O N SA l l - A l l u v i u mS h - S h a l eF L T - F a u l t ( 1 1 - 1 0 )P - P o r p h y r y
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Monahan S h a f t•Roaster F i n e s

S c a l e in Feet
0 100 500

N F r e n c h G u l c h
M i n e Pool H y d r o l o g y C h a r a c t e r i z a t i o nBase M a p S t u d y Area

Drawn by: BST Graphi c sI n t e r p r e t a t i o n : Art Morri s s ey



a n d other f e a t u r e s were d i g i t i z e d using t h e U S G S m a p ' s U n i v e r s a l
T r a n s v e r s e Mercator p r o j e c t i o n . Prior to the a q u i f e r t e s t s , Bruce
S t o v e r and the author surveyed in the new ob s ervat ion and pump
w e l l s and checked the l o c a t i o n s and e l e v a t i o n s of several of the
old m o n i t o r i n g w e l l s . Contour maps of chemical and water level
d a t a were c on s t ruc t ed by a p p l y i n g GES minimum curvature and
a d a p t i v e f i t t i n g a l g o r i t h m s t o produce a grid f r o m t h e p o i n t d a t a
which was s ub s equen t ly contoured. The grid s u r f a c e a n d / o r contours
were e l i m i n a t e d o u t s i d e the d a t a •con tro l to reduce erroneous
e x t r a p o l a t i o n o f t h e da ta . T h e s e m a p p i n g f i l e s were d o w n l o a d e d t o
window m e t a f i l e s f o r B S T G r a p h i c s . B S T G r a p h i c s p r o d u c e d t h e p a g e
s i z e f o r m a t s p r e s e n t e d in th i s r e p o r t .

T h e a q u i f e r t e s t i n g i n c o r p o r a t e d a H e r m i t D a t a L o g g e r
c o n n e c t e d to p r e s s u r e t r a n s d u c e r s in the o b s e r v a t i o n and p u m p i n g
w e l l s used f o r t h e c o n s t a n t d i s c h a r g e p u m p i n g t e s t s a n d i n
m o n i t o r i n g w e l l s f o r t h e s l u g t e s t i n g . S e v e r a l o b s e r v a t i o n w e l l s
w a t e r l e v e l s were a l s o measured by hand w i t h a e l e c t r o n i c probe
d u r i n g t h e p u m p t e s t s . T h e s o f t w a r e u t i l i z e d f o r e v a l u a t i n g t h e
s l u g a n d pump t e s t d a t a w a s A Q T E S O L V ( G e r a g h t y a n d M i l l e r , 1 9 8 9 ) .
T h i s p r o g r a m combines s t a t i s t i c a l p a r a m e t e r e s t i m a t i o n m e t h o d s w i t h
i n t e r a c t i v e g r a p h i c a l curve-mat ch ing t e c h n i q u e s . Q U I C K F L O W
( G e r a g h t y and M i l l e r , 1 9 9 1 ) s o f t w a r e wa s used t o conduct p r e - t e s t

m o d e l l i n g o f w e l l drawdowns f o r d e s i g n i n g t h e pump t e s t s .
QUICKFLOW is a a n a l y t i c a l 2D ground water f l o w mode l that can
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s imula t e s t e a d y - s t a t e and transient ground-water f l o w .
A p p r o x i m a t e l y t w e n t y - f i v e d a t a p o i n t s were manual ly s e l e c t e d f r o m
the H e r m i t Data L o g g e r and entered into AQTESOLV which p r o d u c e d
drawdown versus time and recovery versus time curves for the s l u g
t e s t s . E i g h t y to one hundred d a t a p o i n t s were used for the pump
t e s t drawdown and recovery curves.

W A T E R C H E M I S T R Y

W a t e r c h e m i s t r y a n a l y s e s were a v a i l a b l e f r o m s u r f a c e a n d
g r o u n d - w a t e r s a m p l e s c o l l e c t e d since 1991. P r i o r t o 1993 o n l y
s e l e c t e d m e t a l s were run on s a m p l e s . The N o v e m b e r 1993 water
c h e m i s t r y d a t a i n c l u d e d m a j o r c a t i on s and anions in a d d i t i o n t o
s e l e c t e d m e t a l s . F i e l d mea sur emen t s conduc t ed o n s a m p l e s were
commonly t e m p e r a t u r e , c o n d u c t i v i t y , a n d p H .

T h i s s t u d y c o n c e n t r a t e d o n ground-wa t e r c h e m i s t r y f r o m
m o n i t o r i n g w e l l s . T h e pr e-1994 w e l l d e v e l o p m e n t a t F r e n c h G u l c h
u s u a l l y i n c l u d e d two inch d i a m e t e r PVC w e l l c a s i n g w i th a t l e a s t
t w o s e p a r a t e f i v e o r t e n f o o t s creens ( T a b l e I V ) . M o s t o f t h e
w e l l s were c o m p l e t e d in the u p p e r and lower p o r t i o n s of the
a l l u v i u m . M a n y lower a l l u v i u m screens p e n e t r a t e d a f e w f e e t in to
t h e u n d e r l y i n g b e d r o c k ( c o m m o n l y s h a l e ) . T h e s t u d y area base m a p
summarize s t h e t y p e s o f w e l l c o m p l e t i o n s ( F i g u r e 4 ) . M e t a l
c o n c e n t r a t i o n s measured f r o m water s a m p l e s p r i o r t o 1993 showed
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TABLE IV
SUMMARY OF PRE-1994 MONITORING WELL C O M P L E T I O N S

W E L L

1

2
3

4

5

6

7

8

9

11

12
13
14

1 — — — — — — — — — — — TOP
A L L U V I U M

6 1

2 2 '
6 '

7 '

5 '

2 5 '

1 2 '

5 '

1 7 '

1 0 '

N O N E
1 3 '

2 . 5 '

TOP BEDROCK

42 ' (CLAY)
4 4 ' ( S H A L E )

4 1 ' ( P O R P H Y R Y )
5 3 ' ( S H A L E )

55 ' (CLAY)
5 6 ' ( S H A L E )

5 2 ' ( S H A L E )

4 0 ' ( C L A Y )
4 2 ' ( S H A L E )

5 0 ' ( P O R P H Y R Y )

4 3 ' ( S H A L E )

51 • (CLAY)
5 2 ' ( S H A L E )
2 9 ' ( S H A L E )

1 0 ' ( P O R P H Y R Y )
2 8 ' ( S H A L E )
3 8 ' ( S H A L E )

1 0 1 ' ( P O R P H Y R Y )

T O T A L
D E P T H

5 0 '

4 7 . 5 '
5 5 '

6 4 '

5 5 '

5 4 '

5 2 '

4 6 '

5 4 . 5 '

4 3 '

4 6 '
4 7 '

2 7 8 '

S C R E E N E D
I N T E R V A L ( S )

2 2 ' - 2 7 ' ( 5 ' )
3 3 ' - 4 3 ' ( 1 0 ' )
3 7 ' - 4 7 ' ( 1 0 ' )
1 5 ' - 2 5 ' ( 1 0 ' )
4 5 ' - 5 0 ' ( 5 ' )
2 0 ' - 3 0 ' ( 1 0 ' )
4 6 ' - 5 1 ' ( 5 ' )
5 8 ' - 6 3 ' ( 5 ' )
2 0 ' - 3 0 ' ( 1 0 ' )
5 0 ' - 5 5 ' ( 5 ' )
3 4 ' - 4 4 ' ( 1 0 ' )
4 9 ' - 5 4 ' ( 5 ' )
1 8 ' - 2 3 ' ( 5 ' )
3 8 ' - 4 8 ' ( 1 0 ' )
1 5 ' - 2 0 ' ( 5 ' )
3 5 ' - 4 5 ' ( 1 0 ' )
4 3 ' - 5 3 ' ( 1 0 ' )

2 3 ' - 2 8 ' ( 5 ' )
3 8 ' - 4 3 ' ( 5 ' )
4 0 ' - 4 5 ' < 5 ' )
3 6 ' - 4 6 ' ( 1 0 ' )
2 6 8 ' - 2 7 8 ' ( 1 0 ' )



marked d i f f e r e n c e s in water qua l i ty f rom the upper and lower
screened i n t e r v a l s in w e l l s #6, #7, and #8. W a t e r s a m p l e s
c o l l e c t e d dur ing November 1993 did not i s o l a t e u p p e r and lower
screens except for well #8. The upper screened waters ( u p p e r
a l l u v i u m ) in the s e w e l l s contained higher metal c onc en t ra t i on s .

The cation-anion balance of the 1993 water analy s e s were
e v a l u a t e d by c o n s t r u c t i n g a s p r e a d s h e e t that convert s
c o n c e n t r a t i o n s in m i l l i g r a m s per l i t e r to m i l l i e q u i v a l e n t s per
l i t e r and determines a c a t i o n / a n i o n ratio ( T a b l e V). In most cases
th e c a t i o n / a n i o n ra t io s were s i g n i f i c a n t l y greater than 1.00. T h i s
s u g g e s t s that metal l o a d i n g has caused the ground waters not to be
e l e c t r i c a l l y neutral or in equ i l i br ium. The a d d i t i o n o f metal
c a t i o n s t o t h e ground-wa t e r e x p l a i n s c a t i o n / a n i o n r a t i o s g r e a t e r
than one and a l s o c o n t r i b u t e s to h igh e l e c t r i c a l c o n d u c t i v i t i e s .
Because of t h i s wa t er imba lanc e be tween c a t i o n s and anions i t was
n o t p o s s i b l e t o c l a s s i f y t h e s e wa t e r s u s ing T r i l i n e a r ( P i p e r )
d i a g r a m s ( D o m e n i c o a n d S w a r t z , 1990 a n d F e t t e r , 1 9 8 8 ) . T h e s e
d i a g r a m s d o n o t account f o r s i g n i f i c a n t c o n c e n t r a t i o n s o f m e t a l s
such as iron, zinc, and mangane s e , and the c a t i o n / a n i o n imbalance.
S t i f f ( 1 9 5 1 ) p a t t e r n s were used t o g r a p h i c a l l y d i s p l a y t h e m a j o r
ca t i on s a n d anions ( F i g u r e 5 ) . T h e S t i f f p a t t e r n s i l l u s t r a t e that
the w a t e r s have a c a l c i u m - m a g n e s i u m dominant ca t ion f a c i e s and an
e x t r e m e l y dominant s u l f a t e anion f a c i e s . T h e h i g h s u l f a t e content
is not unusual for mine wat er s due to the o x i d a t i o n of p y r i t e and
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T a b l e V
E X A M P L E S O F C A T I O N / A N I O N R A T I O S F R O M G R O U N D - W A T E R A N A L Y S E S

Chemica la n a l y s i s
ca t i on s
N a
K
M gCaF e
M nZn
T o t a l s
anions.H C 0 3C l
S04
F
T o t a l s

W e l l# 1 ( Q a l )m g / l

14.04
2.90

119.40
388.00
108.84

34.36
131.90

78.00
2.45

1750.00
3.10

c a t i o n / a n i o n rat io=

Date
1 1 / 1 7 / 9 3m e q / l

0
0

61
07

9.55
19

3
1
4

38

1
0

36
0

37
1

40
90
25
03
82

28
07
19
12
66
03

C h e m i c a la n a l y s i s
ca t i on sN aKM gCaF eM nZn
T o t a l s
an ions
H C 0 3
Cl
S04
F
T o t a l s

W e l l# 7 ( Q a l )m g / l

3.93
1.50

31.66
134.00

50.62
15.36
21.68

43.00
1.69

460.00
0.96

c a t i o n / a n i o n ra t io=

Date
1 1 / 1 7 / 9 3m e q / l

002
6
1
0
0

12

0
0
9
0

10
1

17
04
53
70
81
56
66
48

71
05
51
04
30
21

Chemicala n a l y s i s
cat ionsN aKM gCaF eMnZn
T o t a l s
anionsH C O 3ClS04
F
T o t a l s

W e l l# 1 3 ( s h )m g / l

23.9710.80
228.10
393.80
20.47

130.06
1495.00

23.00
7.49

4190.00
5.95

c a t i o n / a n i o n ratio=

Date
1 1 / 1 6 / 9 3 ,m e q / l

1.040.2818.25
19.69

0.73
4.73

45.73
90.46

0.38
0.21

86.64
0.24

87.47
1.03

Q a l - A l l u v i u m we l l
s h - S h a l e w e l l
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other s u l f i d e mineral s . O x i d a t i o n of p y r i t e can al so re sul t in the
f o r m a t i o n o f a c id i c water ( M a n a h a n , 1 9 9 1 ) . T h e ground-water
chemi s t ry was very s i m i l a r between the shale and a l luv ium a q u i f e r s .
M e t a l c o n c e n t r a t i o n s , s u l f a t e c o n c e n t r a t i o n s , a n d o ther s e l e c t e d
wat er c h e m i s t r y p a r a m e t e r s were m a p p e d f o r t h e N o v e m b e r 1993
s a m p l e s ( F i g u r e s 6 t h r o u g h 1 0 ) . T h e m a p p i n g o f t h e chemical d a t a
did not d i s c r i m i n a t e between the source of the ground-wat er;
a l l u v i u m , s h a l e , p o r p h y r y , o r f a u l t ( F i g u r e 4 ) . C a d m u i m , z inc ,
and iron c o n c e n t r a t i o n s ( u p p e r and lower screened c o n c e n t r a t i o n s
were averaged f or d a t a p r i o r t o 1993) were a l s o p l o t t e d w i th time
a n d g r a p h i c a l l y d i s p l a y e d f o r t h e m o n i t o r i n g w e l l s ( F i g u r e s 1 1 &
1 2 ) . T h e N o v e m b e r 1993 t e m p e r a t u r e , c o n d u c t i v i t y , z inc , a n d
s u l f a t e maps for the s t u d y area ind i ca t ed anomalie s in the v i c i n i t y
o f t h e a b a n d o n e d mine s h a f t s a n d mine dump n o r t h o f F r e n c h G u l c h
Road ( F i g u r e s 6 t h r o u g h 9 ) . T h e ground-wa t e r t e m p e r a t u r e a n o m a l i e s
a r e a f e w d e g r e e s C e l s i u s warmer t h a n t h e w e l l s s o u t h o f F r e n c h
G u l c h Road ( F i g u r e 6 ) . T h e h i g h e r t e m p e r a t u r e s c o r r e s p o n d t o
h i g h e r e l e c t r i c a l c o n d u c t i v i t i e s , a n d g r e a t e r z inc a n d s u l f a t e
c o n c e n t r a t i o n s ( F i g u r e s 7 , 8 , & 9 ) . L o w e r p H v a l u e s a n d h i g h e r
c a d m i u m c o n c e n t r a t i o n s a l s o a r e a s s o c i a t e d w i t h t h e s e a n o m a l i e s .
S o u t h o f F r e n c h G u l c h R o a d , iron c o n c e n t r a t i o n s are h i g h e s t in th e
v i c i n i t y o f t h e m i l l t a i l i n g s ( F i g u r e 1 0 ) . C o n c e n t r a t i o n versus
t i m e f o r cadmium, iron, a n d z inc were a l s o d i s t i n c t i v e f o r w e l l s
nor th o f F r e n c h G u l c h Road ( F i g u r e 11) . Z i n c and iron
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S c a l e i n F e e t100 500

N F r e n c h G u l c h
M i n e Pool H y d r o l o g y C h a r a c t e r i z a t i o nG r o u n d W a t e r T e m p e r a t u r e 11 /93C . I . = 1 ° C

Drawn by: BST G r a p h i c s
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S c a l e in F e e to 100 J500

N F r e n c h G u l c h
M i n e Pool H y d r o l o g y C h a r a c t e r i z a t i o nG r o u n d Water C o n d u c t i v i t y 1 1 / 9 3C.I. = 200 u m h o s / c m

Drawn by: BST G r a p h i c s
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S c a l e i n F e e t
0 100 500

N F r e n c h G u l c h
M i n e Pool H y d r o l o g y C h a r a c t e r i z a t i o nG r o u n d W a t e r Zn C o n c e n t r a t i o n 1 1 / 9 3C.I. = 1 m e q / l

Drawn by: BST G r a p h i c s
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S c a l e in F e e t

N
500

F r e n c h G u l c h
M i n e Pool H y d r o l o g y C h a r a c t e r i z a t i o nG r o u n d W a t e r S u l f a t e C o n c e n t r a t i o n s 11/93C.I. = 5 m e q / l

Drawn by: BST G r a p h i c s
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S c a l e in F e e to__100 500..1
N F r e n c h G u l c h

M i n e Pool H y d r o l o g y C h a r a c t e r i z a t i o nG r o u n d W a t e r F e C o n c e n t r a t i o n 1 1 / 9 3C.I. = 0.5 m e q / l
Drawn b y : P S T G r a p h i c s
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concentrat ions are r e l a t i v e l y comparable and do not f l u c t u a t e
s i g n i f i c a n t l y while cadmium concentrat ions are r e l a t i v e l y high and
f l u c t u a t e with time. In contra s t , w e l l s in the v i c i n i t y o f F r e n c h
G u l c h south of the road have higher iron and lower zinc and cadmium
c o n c e n t r a t i o n s ( F i g u r e 12) . I r o n c onc en tra t i on s a l s o tend t o
f l u c t u a t e w i th t ime. The higher iron c o n c e n t r a t i o n s ar e b e l e i v e d
to be due to the o x i d a t i o n of p y r i t e . The most c o n t a m i n a t e d
ground-wa t e r occurs in the s h a l e w e l l §13 and the mine p o o l . The
l e a s t c o n t a m i n a t e d g r o u n d - w a t e r ha s been observed f r o m u p s t r e a m
ea s t ern w e l l s #9, #11, #12, and #14. T h e s e w e l l s are c o m p l e t e d in
a l l u v i u m , s h a l e ( s a m p l e d f r o m lower s h a l e s c r e e n ) , p o r p h y r y , a n d
t h e 11-10 f a u l t , r e s p e c t i v e l y ( T a b l e I V ) .

A Q U I F E R T E S T I N G

S l u g T e s t i n g

T h e p u r p o s e o f c o n d u c t i n g s l u g t e s t s w a s t o o b t a i n e s t i m a t e s
o f h y d r a u l i c c o n d u c t i v i t i e s ( K ) f o r t h e a l l u v i a l a n d s h a l e
a q u i f e r s . . ' T h e s e t e s t s p r o v i d e a t ime e f f i c i e n t a n d c o s t - e f f e c t i v e
me thod for acquir ing order o f m a g n i t u d e e s t i m a t e s o f K tha t can be
a p p l i e d t o p r e - p u m p t e s t m o d e l s t o d e t e rmine op t imum pump rate s ( Q )
and e x p e c t e d d r a w d o w n s o f the pump and ob s ervat ion w e l l s dur ing
con s tan t d i s c h a r g e pump t e s t s . The p r e - p u m p t e s t m o d e l s were used
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to d e s i gn the constant d i sharge t e s t s . A one inch d iame t er by ten
f o o t l o n g PVC p i p e f i l l e d wi th sand was cons truc t ed for u s e a s a
s l u g t o o l . T h i s s l u g tool averaged about f i v e f e e t head
d i s p l a c e m e n t in the two inch d iameter F r e n c h G u l c h m o n i t o r i n g
w e l l s . A best curve f i t t i n g s o l u t i o n for the d r a w d o w n / r e c o v e r y
curves f r o m t h e a l l u v i a l s l u g t e s t s u s ing A Q T E S O L V ( G e r a g h t y &
M i l l e r , 1 9 8 9 ) w a s t h e Bouwer-Rice ( 1 9 7 6 ) u n c o n f i n e d a q u i f e r model
( F i g u r e s 13 & 14) . The shale drawdown/r e covery curves matched the

C o o p e r e t a l . ( 1 9 6 7 ) t y p e curves f o r a c o n f i n e d a q u i f e r ( F i g u r e s 1 5
& 1 6 ) . T h e values f o r t h e s ha l e s t o r a t i v i t y ( S ) ( 0 . 0 2 - 0 . 0 0 6 )
s u g g e s t tha t the s h a l e i s behaving as a s e m i - c o n f i n e d a q u i f e r .
T a b l e V I summarize s t h e r e s u l t s o f t h e s l u g t e s t i n g . H y d r a u l i c
c o n d u c t i v i t i e s o f 2 5 t o 6 5 f t / d a y f o r t h e a l l u v i u m i s f a i r l y
t y p i c a l f o r sand a n d gravel ( K r u s e m a n & D e R i d d e r , 1 9 9 1 ) . T h e s h a l e
K o f 1 .8 t o 2 .1 f t / d a y i s very h igh f or t y p i c a l s h a l e or c l a y ( i . e .
1x10" - I x l O ' 6 f t / d a y ) ( K r u s e m a n & D e R i d d e r , 1 9 9 1 ) . T h e a q u i f e r
t h i c k n e s s ( b ) used f o r t h e s l u g t e s t a n a l y s e s w a s t h e s a t u r a t e d
s h a l e or a l l u v i a l a q u i f e r t h i c k n e s s above th e b o t t o m o f th e w e l l
s creen.

C o n s t a n t Discharge T e s t s

T h r e e w e l l s were d r i l l e d in October 1994 f o r t h e p u r p o s e o f
c o n d u c t i n g t w e n t y - f o u r hour c o n s t a n t d i s c h a r g e pump t e s t s on th e
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Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t E P A / C D H / C M G
Locat ion: B r e c k e n H d g e , CO

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 0 1 R H

1 - 0 l J I I i i i i ' I ' I I I 1 1 I U I I I ! I I I | ] I | I [ I f I F ! I T T I T T T

c0)
0)ona.tn5

0.1

0.01 L L L L L I . . i . \ L i _ L J j _ u j . j j 1 1
0.0

! 1.1 I I I I I I I I I I I I I I I I I l«i I I I I I I I
0.12 0.24 0.36 0.48 0.6

T i m e ( m i n )

D A T A S E T
wm01rha t .da t
1 0 / 1 4 / 9 4

A Q U I F E R T Y P E
U n c o n f l n e d
S O L U T I O N M E T H O D
Bouwer-RIce
T E S T D A T A
1 0 / 1 2 / 9 4
T E S T W E L L
01
O B S . W E L L
01

E S T I M A T E D P A R A M E T E R S
K = 0.0572 ft/mln
yO = 0 . 9 1 6 6 f t .

T E S T D A T A
HO = 4 ft
re = 0.833 ft
rw = 0.1667 ft
L = 1 3 f t
b = 2 9 f t
H = 2 9 f t
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Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G

Locat ion: B r e c k e n r i d g e , CO
F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 0 1 F H

10.0 ; ; • • •

S
Q.V )

0.01 J-1 I I I LLLJ I I I I I \ I I I I I LJ I I I I I I I
0.0 0.2 0.4 -0.6

T i m e ( m l n )

D A T A S E T
w m 0 1 f h s t . d a t
1 0 / 1 4 / 9 4
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T E S T W E L L
01

D B S . W E L L
01

E S T I M A T E D P A R A M E T E R S
K « 0.02021 fl/mln
yO = 4.061 It.

T E S T D A T A
HO = 4 ft
re = 0.833 ft
rw = 0.1667 ft
L » 1 3 r t
b » 2 9 f t
H = 2 9 f t

0 1 F H C D R
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Research P r o j e c t C l i e n t : E P A / C D H / C M G

P r o j e c t N O : W e l l i n g t o n M i n e L o c a t i o n : B r e c k e n r i d g e , C O
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C o o p e r et. al.
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T E S T W E L L
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13

E S T I M A T E D P A R A M E T E R S
T = 0.01 945 tf/mln
3 = 0.0201

T E S T D A T A
HO = 5.3 ft
re = 0.08333 ft
rw = 0.1667 ft
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Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

OX

1.0 r

0.0
0.001

C l i e n t : E P A / C D H / C M G

Location: B r e c k e n r i d g e , CO
F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 1 3 F H
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C o o p e r et. al.
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1 0 / 1 2 / 9 4
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13
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T = 0.02046 tf/mln
S = 0.005569
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HO = 5 ft
re = 0.08333 ft
rw = 0 . 1 6 6 7 f t



T a b l e V I
S L U G T E S T R E S U L T S

T E S T
T E S T T R A N S M I S S I V I T Y ( T )

Q U A L I T Y f t A 2 / m i n f t A 2 / d a y
H Y D R A U L I C
C O N D U C T I V I T Y ( K ) S T O R A T I V I T Y T H I C K N E S S ( b )

f t / m i n f t / d a y ( S ) f e e t

S H A L E W E L L S
#11
#13

R I S I N G H E A D
F A L L I N G H E A D
R I S I N G H E A D
F A L L I N G H E A D

e x c e l l e n t
e x c e l l e n t
v. good
v. good

A V G .

0.01902
0.0173

0.01945
0.02046
0.01906
s t d . d e v .

27.40
24.90
28.00
29.50
27.45

1.66

0.00148
0.00133
0.00122
0.00128
0.00133

2.1 0.009
1.9 0.004
1.8 0.02
1.8 0.006
1.9

0.12

13
16

A L L U V I U M W E L L S
#1
#3
#7
#8

R I S I N G H E A D
F A L L I N G H E A D
R I S I N G H E A D
F A L L I N G H E A D
R I S I N G H E A D
F A L L I N G H E A D
R I S I N G H E A D
F A L L I N G H E A D

f a i r
f a i r
f a i r

good
good
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0.58609
1.71494
1.20042
1.2873
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0.03159
0.03678
0.01833
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sha l e and a l l u v i a l a q u i f e r s . Two o f the w e l l s were c o n s t r u c t e d o f
f o u r inch diameter PCV ca s ing and twenty f o o t wel l screens. T h e s e
w e l l s were d e v e l o p e d a s p u m p i n g w e l l s ( # 1 7 s ha l e & #18 a l l u v i u m ) .
In a d d i t i o n , one two inch PVC cased w e l l was c o n s t r u c t e d as a
ob s e rva t i on s h a l e w e l l ( # 1 6 s h a l e ) . F i g u r e 17 shows t h e r e l a t i v e
l o c a t i o n s o f the s e w e l l s . Other w e l l s that were used f or ob s erv ing
drawdowns dur ing the p u m p i n g t e s t s were #1 a l l u v i u m , #3 M i n e s h a f t
r e l i e f w e l l , #4 a l l u v i u m & s h a l e , #5 a l luv ium, #8 a l l u v i u m , and #13
s h a l e ( F i g u r e 4) . The #4 wel l had a packer se t be tween the
a l l u v i a l a n d s h a l e s creens f o r t h e p u r p o s e o f i s o l a t i n g t h e
a q u i f e r s d u r i n g t h e s h a l e a n d a l l u v i a l pump t e s t s . A n a l y s i s o f
d r a w d o w n d a t a f r o m t h i s w e l l i n d i c a t e d t h e p a c k e r d i d n o t
e f f e c t i v e l y i s o l a t e t h e a q u i f e r s .

Q U I C K F L O W ( G e r a g h t y & M i l l e r , 1 9 9 1 ) p r e d i c t e d a d r a w d o w n o f
seven f e e t f o r t h e a l l u v i a l pump w e l l # 1 8 a f t e r 3 0 m i n u t e s u s i n g a

K o f 4 5 f t / d a y a n d a c o n s t a n t d i s c h a r g e ( Q ) o f 8 0 g p m . T h e
d i s c h a r g e r a t e o f 8 0 g p m i m m e d i a t e l y p u m p e d # 1 8 d r y d u r i n g t h e
c o n s t a n t d i s c h a r g e p r e - t e s t . A 15 gpm Q was used d u r i n g the 24
hour p u m p i n g t e s t . A 8 f o o t d r a w d o w n a f t e r 3 0 m i n u t e s o f p u m p i n g
was observed in w e l l #18 u s i n g th e p u m p r a t e o f 15 g p m . The l a r g e
d i f f e r e n c e b e t w e e n t h e Q U I C K F L O W m o d e l l i n g d r a w d o w n a n d ob s erved
d r a w d o w n was p r o b a b l y due to p o o r w e l l d e v e l o p m e n t and a lower
ac tua l K f o r t h e a l l u v i a l a q u i f e r . Q U I C K F L O W ( G e r a g h t y & M i l l e r ,
1 9 9 1 ) p r e d i c t e d a d r a w d o w n o f t h i r t e e n f e e t f o r t h e s h a l e a q u i f e r
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F I G U R E 17
L O C A T I O N OF W E L L S

U S E D I N T H E
A Q U I F E R C O N S T A N T D I S C H A R G E T E S T S

A N D T H E I R
P O T E N T I O M E T R I C S U R F A C E
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pump we l l #17 a f t e r 30 minutes using a K of 1.9 f t / d a y and a Q of
10 gpm. S e v e n t e e n f e e t of drawdown was observed d u r i n g the 30
minute constant d i s c h a r g e pr e - t e s t a p p l y i n g a pump rate Q of 14
gpm. A pump rate of 12 gpm was used for the 24 hour constant
d i s c h a r g e sha l e t e s t .

Drawdown was observed in all w e l l s moni tored d u r i n g the
a l l u v i u m a n d s h a l e cons tant d i s c h a r g e t e s t s ( T a b l e V I I ) . T h i s i s
c onc lu s iv e evidence that the mine, a l l u v i a l a q u i f e r , and the s h a l e
b e d r o c k are in h y d r a u l i c communication. AQTESOLV best curve
m a t c h i n g o f drawdown curves f o r t h e a l l u v i a l a n d s h a l e a q u i f e r s
occurred wi th t h e l e a k y s e m i - c o n f i n e d a q u i f e r s o l u t i o n s ( F i g u r e s 18
& 1 9 ) ( H a n t u s h a n d J a c o b , 1 9 5 5 , a n d H a n t u s h , 1 9 6 0 ) .

The a l l u v i u m i s a water t a b l e or u n c o n f i n e d a q u i f e r . A
l o g a r i t h m i c p l o t o f t ime-drawdown re spons e f o r water t a b l e a q u i f e r s
t y p i c a l l y d i s p l a y s three d i s t i n c t i v e p a r t s ( D o m e n i c o a n d S c h w a r t z ,
1 9 9 0 ) . T h e very e a r l y t i m e - d r a w d o w n d a t a f o l l o w s t h e T h e i s
e q u a t i o n ( T h e i s , 1 9 3 5 ) a n d c o n f i n e d c o n d i t i o n s where wa t er i s
r e l e a s e d f r o m s t o r a g e d u e t o t h e e l a s t i c c o m p r e s s i o n o f t h e a q u i f e r
and the e x p a n s i o n o f wa t er . T h i s i s c h a r a c t e r i z e d by s m a l l
s t o r a t i v i t y va lue s ( K r u s e m a n a n d D e R i d d e r , 1 9 9 1 ) . T h e e f f e c t s o f
g r a v i t y d r a i n a g e t a k e s over w i t h t ime a n d t e n d s t o f l a t t e n t h e
r e s p o n s e curve cau s ing an a p p a r e n t increase in the s t o r a t i v i t y over
i t s c o n f i n e d va lu e . D u r i n g t h i s d e l a y e d g r a v i t y d r a i n a g e p e r i o d
the t ime-drawdown re sponse i s a f u n c t i o n of the rat io of h o r i z o n t a l
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A L L U V I U M T E S T

T a b l e V I I
M A X I M U M D R A W D O W N P U M P I M G T E S T S

S H A L E T E S T
W E L L

#1
# 3 M i n e

#4
#5
#8

#13
#16
#17
#18

T Y P E

O W ( Q a l )
OW

O W ( Q a l )
O W ( Q a l )
O W ( Q a l )

O W ( s h )
O W ( s h )
O W ( s h )

P W ( Q a l )

D R A W D O W N
( f t )

1.764
1.01
1.08
0.67
0.48
0.10
1.00
1.64

7.961

D i s t a n c e T i m e ( m i n s ) *
P u m p W e l l ( f t )

25
32

110
210
250
330
51

35.5
0

1010
1004
1120
1030
904
905

1003
1020
1000

T Y P E

O W ( Q a l )
OW

O W ( s h )
O W ( Q a l )
O W ( Q a l )
O W ( s h )O W ( s h )P W ( s h )

O W ( Q a l )

D R A W D O W N
( f t )

1.145
0.93
1.05
0.90
0.51
0.11

2.693
14.99
0.941

D i s t a n c e T i m e ( m i n s ) *
P u m p W e l l ( f t )

1431.5
72
170
250
380
16.5

0
35.5

1470
220**
1172
1485
1424
1327
1470
1480
1470

Q a l - A l l u v i u ms h - s h a l eO W - o b s e r v a t i o n w e l lP W - p u m p w e l l* t ime f r o m start o f p u m p i n g" transducer m a l f u n c t i o n a f t e r 2 2 0 mins.



FIGURE 18
A Q T E S O L V C U R V E - M A T C H I N G

F O R T H E
A L L U V I A L O B S E R V A T I O N W E L L #1

D U R I N G T H E
A L L U V I A L PUMP T E S T
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F I G U R E 19
A Q T E S O L V C U R V E - M A T C H I N G

F O R T H E
SHALE O B S E R V A T I O N W E L L #16

D U R I N G T H E
S H A L E PUMP T E S T

61



R e s e a r c h P r o j e c t
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to v e r t i ca l c o n d u c t i v i t y , the t h i c k n e s s of the a q u i f e r , and the
d i s t anc e to the pump wel l (Domenico and S c h w a r t z , 1 9 9 0 } . For l a t e r
t ime , t h e t ime-drawdown r e s p o n s e w i l l again f o l l o w t h e T h e i s - t y p e
curve when the s t o r a t i v i t y no longer increases wi th time and
r e p r e s e n t s t h e s p e c i f i c y i e l d o f t h e u n c o n f i n e d a q u i f e r . F o r
p u m p i n g w e l l s in a u n c o n f i n e d a q u i f e r the d i s t a n c e to the pump w e l l
is zero and there would be no observable d e l a y e d g r a v i t y dra inage
r e s p o n s e . T h i s was the case wi th the a l l u v i u m pump w e l l no. 18
where s t o r a t i v i t y values o f around 0.3 r epre s en t the s p e c i f i c y i e l d
o f t h e a q u i f e r ( T a b l e V I I I ) . I t i s b e l i e v e d that t h e a l l u v i a l
drawdown curves f o r t h e o b s e r v a t i o n w e l l s r e p r e s e n t e a r l y t ime
c o n d i t i o n s a n d d e l a y e d w a t e r t a b l e r e spons e . T h e p u m p i n g t e s t s were
not run l o n g enough to o b ta in l a t e t ime T h e i s - t y p e curve
c o n d i t i o n s . T h u s , t h e t i m e - d r a w d o w n r e s p o n s e curves f o r t h e s e
w e l l s a r e s i m i l a r t o l e a k y a q u i f e r s t e s t s w i t h c a l c u l a t e d
" s t o r a t i v i t y " v a l u e s f a l l i n g b e t w e e n t h e c o n f i n e d v a l u e a n d t h e
s p e c i f i c y i e l d f o r t h e a q u i f e r ( T a b l e V I I I ) . C o n s e q u e n t l y , t h e

A Q T E S O L V u n c o n f i n e d a q u i f e r w i t h d e l a y e d g r a v i t y r e sponse s o l u t i o n s
were n o t s u c c e s s f u l f o r a n a l y z i n g t h e a l l u v i a l d r a w d o w n curves

( N e u m a n , 1 9 7 5 ) . I n a d d i t i o n , u s i n g t h e r / B r a t i o s ( d i s t a n c e r
d i v i d e d by l e a k a g e f a c t o r B) f r o m the a l l u v i a l we l l drawdown curves
f o r e s t i m a t i n g v e r t i c a l c o n d u c t i v i t i e s ( K v ) a r e n o t r e l i a b l e
because o f t h e unknown r e charge c o n t r i b u t i o n s b e twe en d e l a y e d
g r a v i t y d r a i n a g e r e s p o n s e a n d l e a k a g e f r o m t h e s h a l e a q u i f e r .
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T a b l e V I I I
C O N S T A N T D I S C H A R G E P U M P I N G T E S T

W E L L
T R A N S M I S S I V I T Y ( T )

f t A 2 / m i n f t A 2 / d a y

H O R I Z O N T A L
H Y D R A U L I C
C O N D U C T I V I T Y ( K )

f t / m m f t / d a y
S T O R A T I V I T Y

( S )
T H I C K N E S S ( b )

f e e t A Q U I F E R
T Y P E

M E T H O D
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A L L U V I U M D R A W D O W N T E S T ( Q = 1 5 G P M )
#18 PW

#1 OW
#5OW
S H A L E D R A W D O W N T E S T ( Q = 1 2 G P M )
#17 PW 0.117 168.48 0.0025
#16 OW 0.1776 2 5 5 7 4 00039

0.1527 219.89 0.0033

0 1 2 5 2
0.1672
0.1482
0.1347
04434
0.4879

1 . 1 7 2

1 8 0 2 9
2 4 0 7 7
213.41
1 9 3 9 7
6 3 8 5 0
702.58
1687.68

00046
00062
00055
0005

00143
0.0157
0 2 5 5

6 7
8 9 2
7 9
7 2

206
2 2 6 6
36.69

0334
04647
0 2 2 1 1
0.2672

0.00297
000246
0.00089

3 5 8
5.68
489

00091
0.0096
0.0017

2 7 L E A K Y H a n t u s h & J a c o b ( n o s t o r a g e a q u i t a r d )
2 7 L E A K Y H a n t u s h & J a c o b ( s t o r a g e a q u i t a r d )
2 7 L E A K Y M o e n c h27 C o o p e r & J a c o b3 1 L E A K Y H a n t u s h & J a c o b ( n o s t o r a g e a q u i t a r d )
31 C o o p e r & J a c o b
4 6 L E A K Y M o e n c h

4 7 L E A K Y M o e n c h
4 5 L E A K Y M o e n c h
45 C o o p e r & J a c o b

P W - P U M P W E L L
O W - O B S E R V A T I O N W E L L



The l ow values o f 6 t o 8 f t / d a y f o r hor i zon ta l c o n d u c t i v i t y
(Kh) in the a l l u v i a l pump we l l #18 are p r o b a b l y due to poor we l l

e f f i c i e n c y . Kh values o f 20 t o 37 f t / d a y f r o m the o b s e r v a t i o n
w e l l s are more r e p r e s e n t a t i v e o f th e a l l u v i a l a q u i f e r . Kh for th e
s h a l e a q u i f e r d a t a ranged f r o m 3 . 6 t o 4 . 9 f t / d a y ( T a b l e V I I I ) .
V e r t i c a l c o n d u c t i v i t i e s ( K v ) f o r t h e s h a l e a q u i f e r were der ived b y
a p p l y i n g t h e r / B ra t io s u s ing W a l t o n ( 1 9 6 0 ) K v s o l u t i o n ( T a b l e I X ) .
T h e s h a l e K v ranged f r o m 0.03 t o 0.84 f t / d a y . T h e s e c a l c u l a t e d
v e r t i c a l c o n d u c t i v i t i e s may be s u s p e c t due to the unknown
c o n t r i b u t i o n of recharge due to g r a v i t y dra inage which is i n f l u e n c e
by d i s t a n c e to the p u m p i n g w e l l . The s h a l e Kv value s increase when
the observat ion w e l l s are c loser to the p u m p i n g w e l l ! The ver t i ca l
a n d h o r i z o n t a l c o n d u c t i v i t i e s f o r t h e s h a l e a q u i f e r a r e very h i g h
f o r t y p i c a l s h a l e va lue s . T h e s e h igh value s ar e due t o th e
f r a c t u r e d a n d f a u l t e d n a t u r e o f t h e s h a l e b e d r o c k .

G R O U N D - W A T E R FLOW

S t a t i c water l e v e l s ( S W L ) were measured i n moni t or ing w e l l s i n
f e e t b e l o w ground s u r f a c e s ince 1991 . T h e s e d a t a were c onver t ed
t o a n e l e v a t i o n above s e a l ev e l u s i n g a s p r e a d s h e e t ( T a b l e X ) .
P r e - p u m p s t a t i c water l e v e l s were a l s o measured f o r w e l l s m o n i t o r e d
d u r i n g the constant d i s c h a r g e pump t e s t i n g in November 1994. S m a l l
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T a b l e I X
V E R T I C A L H Y D R A U L I C C O N D U C T I V I T Y S H A L E A Q U I F E R

W E L L - C O M P L E T I O N R / B

V E R T I C A L
H Y D R A U L I C

C O N D U C T I V I T Y ( K v ) * D I S T A N C E A Q U I F E R M E T H O D
f t / m i n • f t / d a y P U M P W E L L T Y P E A Q T E S O L V ( 1 9 9 1 )

S H A L E D R A W D O W N T E S T ( Q = 1 2 G P M )
# 1 6 O W - S H A L E 0.1905 0 . 0 0 0 5 8 ' *
A L L U V I U M D R A W D O W N T E S T ( Q = 1 5 G P M )
# 1 6 0 W - S H A L E 0.05565 2.3E-05***
# 1 7 O W - S H A L E 0.1433 0.0003**'
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0.46

16.5

51
35.5

L E A K Y M o e n c h

L E A K Y M o e n c h
L E A K Y M o e n c h

O W - O B S E R V A T I O N W E L L* W a l t o n ( 1 9 6 0 )* * C a l c u l a t i o n o f K v used K h ( s h a l e ) = 5 . 6 8 f t / d a y , s h a l e a q u i t a r d t h i c k n e s s ( b ' ) o f 2 5 f t , & s h a l e a q u i f e r t h i c k n e s s ( b ) o f 4 5 f t
* * * C a l c u l a t i o n o f K v used K h ( a l l u v i u m ) = 2 5 f t / d a y , s h a l e a q u i t a r d t h i c k n e s s ( b ' ) o f 2 5 f t , & s h a l e a q u i f e r t h i c k n e s s ( b ) o f 4 5 f t



T a b l e X
F R E N C H G U L C H M O N I T O R I N G W E L L S W A T E R L E V E L S

W A T E R L E V E L S
W E L L T Y P E S U R F A C E

E L E V A T I O N
# 1 4 F L T 9895.00
#5 All 9873.58
# 4 S h & A I I 988024
#1 All 9882.10
#8 All 9882.98
#7 All 984041
#2 All 9866.02
#3 All 9860 72
#6 All 9 8 6 6 8 2
#9 All 9894 00

#13 Sh 990327
#12 P 993000
# 1 1 S h 9 9 1 5 0 0

# 3 M i n e M i n e 9885.76
#16 Sh 9881.65
# 1 7 S h 9 8 8 2 1 3
# 1 8 A l l 9882.89

Oro M i n e M i n e 9958 89

1 1 / 9 4
below G L e l e v a t i o n

1080 987130

1 0 9 6 9 8 7 4 8 0
11 15 987050
1 1 . 4 3 9 8 7 0 7 0
1 1 . 5 9 9871 .30

8 / 2 2 - 2 3 / 9 4
below G L e l e v a t i o n

1840 987660
510 986848
9.50 987260
10.70 9 8 7 2 2 8
1230 9 8 2 8 1 1
14 10 9851 92
14.70 9846.02
1 6 7 0 9 8 5 0 1 2
1735 987665
29 65 9873 62
2880 990120
28.20 9886.80
9 5 2 9 8 7 6 2 4

84.80 9874.09

1 1 / 1 6 / 9 3below G L e l e v a t i o n

600 9867.58
1025 9869.99
1050 9871.60
1130 9871.68
1300 9827.41
1500 9851.02
16.00 9844.72
1700 9849.82
1800 9876.00
30 00 9873.27
31 00 9899.00
31 00 9884.00

7 / 1 3 / 9 3below G L e l e v a t i o n

000 9873.58
450 9875.74
4.CO 9878.10
4.00 9878.98
1200 9828.41
1000 9856.02
14.00 9846.72
15.00 9851.82

6 / 2 1 / 9 3below GL e l eva t i on

3.00 9879.10
4.00 9878.98
9.00 9857.02
14.75 9845.97
13.75 9853.07

6.67 9879.00

3 / 2 5 - 2 6 / 9 2below GL e l eva t i on

8.00 9865.58
12.50 9887.74
10.50 9871.60
12.67 9827.74
13.67 9852.35
14.50 9846.22
18.33 9848.49

1

6 / 1 1 - 1 2 / 9 1below GL e l eva t i on

2.00 9871.588.83 9873.41
5.00 9877.108.00 9874.98
12,17 9828.24
6.35 9859.67
6.50 9860.32

12.00 9873.76



d i f f e r e n c e s were observed in water head between the a l l u v i a l ,
s h a l e , a n d mine w e l l s ( F i g u r e 1 7 ) . T h e # 3 Mine R e l i e f W e l l ( S W L )
was measured at 9 8 7 4 . 8 ' above s ea l e v e l , the a l l u v i u m SWL was
be tween 9 8 7 1 . 3 ' t o 9 8 7 0 . 4 ' , a n d t h e s h a l e S W L w a s be tween 9 8 7 0 . 5 '
t o 9 8 7 0 . 7 ' . I f t h e s e head d i f f e r e n c e s a r e s i g n i f i c a n t a n d
c o n s i s t e n t t h r o u g h o u t the s t u d y area, the mine w o r k i n g s and the
a l l u v i a l a q u i f e r would be d i s c h a r g i n g into the shale a q u i f e r during
at l e a s t the l ow f l o w p e r i o d s . It was d e c i d ed to map a l l the w e l l ,
mine , and s u r f a c e water e l e v a t i o n s a s one p o t e n t i o m e t r i c s u r f a c e
( i . e . t o p o f water t a b l e ) since t h e p u m p i n g t e s t s i n d i c a t e d that
the mine, s h a l e , and a l l u v i u m are h y d r a u l i c a l l y c onnec t ed and t h e y
have s i m i l a r head e l e v a t i o n s ( F i g u r e 2 0 ) . T h i s i s a n a s s u m p t i o n
t h a t may not be accurate throughou t the s t u d y area. S u r f a c e
e l e v a t i o n s o f w a t e r b o d i e s ( F r e n c h C r e e k & p o n d s ) were d e t e r m i n e d
f r o m t h e H o r i z o n ( 1 9 9 2 ) t o p o g r a p h i c m a p . Drawdown w a s ob served i n
m o n i t o r i n g w e l l s nos. 8 and 13 east o f the 11-10 f a u l t d u r i n g the
c o n s t a n t d i s c h a r g e pump t e s t s . I t w a s i n t e r p r e t e d tha t t h e f a u l t s
in the s t u d y area are not b a r r i e r s and do not s i g n i f i c a n t l y e f f e c t
g r o u n d - w a t e r f l o w s ince t h e r e were no b o u n d a r i e s ob served in the
d r a w d o w n d a t a d u r i n g t h e c o n s t a n t d i s c h a r g e t e s t s a n d th er e w a s
d r a w d o w n i n w e l l s acros s t h e 11-10 f a u l t f r o m t h e p u m p i n g w e l l s .

F i g u r e 20 i s t h e p o t e n t i o m e t r i c s u r f a c e o r t op o f wa t e r t a b l e
f o r l o w f l o w c o n d i t i o n s i n N o v e m b e r 1993 . F r e n c h C r e e k w a s
d i v e r t e d around the m i l l t a i l i n g s in 1992. T h i s d i v e r s i o n was
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F I G U R E 20
P O T E N T I O M E T R I C S U R F A C E M A P

LOW FLOW NOVEMBER 1993

69



Ground**et

F\o*

S c a l e i n F e e t100 500 D i r e c t i o n o fG r o u n d W a t e r F l o wN F r e n c h G u l c h
M i n e Pool H y d r o l o g y C h a r a c t e r i z a t i o nL o w F l o w P o t e n t i o m e t r i c S u r f a c eC.I. = 2'

Drawn by: BST G r a p h i c s



cons truc t ed east of the road to the Country Boy Mine which is
u p s t r e a m f r o m t h e m i l l t a i l i n g s ( F i g u r e 2 0 ) . Prior t o t h i s
d i v e r s i o n , F r e n c h Cre ek wa s s e e p i n g underneath t h e m i l l t a i l i n g s
and d i s c h a r g i n g j u s t south of the t a i l i n g s . The d iv er s i on was done
by the S t a t e t o reduce the metal m o b i l i z a t i o n a s s o c i a t e d w i t h the
ground-water l ea ch ing o f t h e mi l l t a i l i n g s . S u r f a c e water
e l e v a t i o n s for t h i s d iver s i on were i n c o r p o r a t e d in the 1993
p o t e n t i o m e t r i c map. T h e d iv er s i on water e l e v a t i o n s were i n f e r r e d
f r o m c r o s s - s e c t i o n s i n c l u d e d i n t h e c o n s t r u c t i o n s p e c i f i c a t i o n s .
S t a t i c water l e v e l s were a l s o p l o t t e d w i th time f o r t h e m o n i t o r i n g
w e l l s . W e l l s north o f F r e n c h C r e e k Road e x h i b i t e d l a r g e wa t er
e l e v a t i o n f l u c t u a t i o n s between l o w a n d h igh f l o w c o n d i t i o n s ( F i g u r e
2 1 ) . I n c o n t r a s t , w e l l s i n t h e v i c i n i t y o f t h e o l d F r e n c h G u l c h
s t r e a m channel d i d n o t e x p e r i e n c e s i g n i f i c a n t s e a s o n a l v a r i a t i o n s
i n w a t e r e l e v a t i o n s ( F i g u r e 2 2 ) .

A p o t e n t i o m e t r i c s u r f a c e r e p r e s e n t s the t o t a l head in an
a q u i f e r measured a t some e l e v a t i o n above a da tum. W a t e r f l o w s f r o m
h i g h t o l ow head p e r p e n d i c u l a r t o th e p o t e n t i o m e t r i c s u r f a c e
c o n t o u r s ( F i g u r e s 1 7 & 2 0 ) . T h e p o t e n t i o m e t r i c m a p shows a very
s t e e p h y d r a u l i c g r a d i e n t ( I ) around 0.05 t o 0.1. T h e m a p a l s o
i n d i c a t e s t h a t there i s l o c a l i z e d g r o u n d - w a t e r f l o w a s i g n i f i c a n t
d i s t a n c e f r o m F r e n c h G u l c h i n t h e v i c i n i t y o f t h e abandoned mine
s h a f t s and mine dump s i t e north o f F r e n c h G u l c h Road south into
F r e n c h G u l c h v a l l e y a s shown by the arrows on the m a p . The
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F I G U R E 21
G R O U N D - W A T E R LEVEL

V E R S U S
T I M E

FOR
A L L U V I A L W E L L #1

NORTH OF FRENCH G U L C H ROAD
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F I G U R E 22
G R O U N D - W A T E R LEVEL

V E R S U S
T I M E

FOR
A L L U V I A L W E L L #7

SOUTH OF FRENCH G U L C H ROAD
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p o t e n t i o m e t r i c s u r f a c e s u g g e s t s that t h e or iginal F r e n c h G u l c h
s t r eam channel pr ior to divers ions caused by mining a c t i v i t y is
behaving as a l ine sink south and west of the mine and mi l l s i t e .
T h i s s ink e x p l a i n s th e l a c k o f s easonal water l eve l var ia t i on in
m o n i t o r i n g w e l l s l o c a t e d south o f F r e n c h G u l c h Road ( F i g u r e 2 2 ) .
The N o v e m b e r 1993 p o t e n t i o m e t r i c map does not have c on tro l p o i n t s
sou th o f F r e n c h G u l c h . T h e r e wa s an a d d i t i o n a l m o n i t o r i n g w e l l
( # 1 5 ) d r i l l e d in October o f 1994 east o f th e C o u n t r y Boy M i n e tha t

has not been in corpora t ed into t h i s s t u d y . T h e r e i s ev idence that
F r e n c h C r e e k east o f the 1992 s tream d i v e r s i o n i s l o s i n g wat er t o
t h e a l l u v i a l a q u i f e r . T h e m o n i t o r i n g w e l l # 9 S W L d u r i n g l o w f l o w
p e r o i d s i s over 10 f e e t l ower than the s t r eam l ev e l which i s o n l y
3 0 f e e t away. T h i s h y d r a u l i c g r a d i e n t m a y change d u r i n g h i g h f l o w
p e r i o d s s w i t c h i n g F r e n c h G u l c h t o a g a i n i n g s t r eam in t h i s s e c t i o n .
M o n i t o r i n g w e l l # 9 doe s n o t have S W L m e a s u r m e n t s d u r i n g h i g h f l o w
o r s p r i n g r u n o f f p e r i o d s ( T a b l e X ) . L o c a l s e c t i o n s o f F r e n c h G u l c h
may l o s e or ga in d e p e n d i n g on the h y d r a u l i c g r a d i e n t b e t w e e n the
s t r e a m a n d g r o u n d - w a t e r a q u i f e r s . I t i s p o s s i b l e t ha t a s i m i l a r
l i n e s i n k t h a t i s i n d i c a t e d n o r t h o f F r e n c h G u l c h o n t h e N o v e m b e r
1993 p o t e n t i o m e t r i c m a p ( F i g u r e 2 0 ) m a y e x i s t o n t h e s o u t h s i d e o f
F r e n c h G u l c h . T h e s u r f a c e wa t er q u a l i t y o f F r e n c h G u l c h i n t h e
s t u d y area i s good (SAIC, 1 9 9 4 ) and may be due to the l o s i n g nature
o f t h i s s e c t i o n ( F i g u r e 2 , T a b l e I I ) . I m m e d i a t e l y west o f t h e
s t u d y area a n d down v a l l e y f r o m known s e e p s w i t h h i g h l y m e t a l
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c on taminat ed waters F r e n c h G u l c h could be e x p e r i e n c i n g a net gain
f r o m ground-water i n f l o w . S u r f a c e water q u a l i t y in thi s s e c t ion o f
F r e n c h G u l c h ha s much h igher metal c onc en tra t i on s ( F i g u r e 2 , T a b l e
I I ) .

Ground-water v e l o c i t i e s in the a l luvium are e s t i m a t e d to range
f r o m 3 to 22 f t / d a y w h i l e the sha l e ground waters range f r o m 2 to
12 f t / d a y . T h e s e v e l o c i t i e s are based on the observed h y d r a u l i c
g r a d i e n t , t y p i c a l p o r o s i t y value s f o r a l l u v i u m a n d s h a l e , a n d
h o r i z o n t a l h y d r a u l i c c o n d u c t i v i t i e s derived f r o m t h e a q u i f e r t e s t s .
M e t a l c o n t a m i n a t e d ground-wa t e r f r o m t h e mine w o r k i n g s a n d / o r
a l l u v i a l a q u i f e r could be r e c h a r g i n g the s ha l e a q u i f e r r e s u l t i n g in
m e t a l p l u m e s i n t h e s h a l e g r o u n d - w a t e r s . I f th ere i s v e r t i c a l
upward movement of ground-wat er at some t ime, metal p l u m e s f r o m the
s h a l e a q u i f e r tha t f l o w in to t h e a l l u v i a l a q u i f e r would p r o b a b l y
u n d e r g o i n c r e a s e d d i s p e r s i o n a n d d i l u t i o n . T h i s i s p o s t u l a t e d b y
a s s u m i n g t h a t t h e v e r t i c a l h y d r a u l i c c o n d u c t i v i t i e s f o r t h e
a l l u v i a l a q u i f e r ar e one t o two m a g n i t u d e s g r e a t e r than th e s h a l e
a q u i f e r a n d t h e a l l u v i u m a l s o h a s h i g h e r h o r i z o n t a l h y d r a u l i c
c o n d u c t i v i t i e s a n d g r o u n d - w a t e r v e l o c i t i e s t han t h e s h a l e a q u i f e r .
R e c h a r g i n g the s ha l e a q u i f e r f r o m the mine work ing s and a l l u v i u m or
v e r t i c a l g r o u n d - w a t e r movement into the a l l u v i a l a q u i f e r i s
p r o b a b l y a f u n c t i o n o f f l o w c o n d i t i o n s ( h i g h & l o w ) a n d t h e l o c a l
h y d r a u l i c g r a d i e n t s b e twe en t h e mine w o r k i n g s , t h e s h a l e a q u i f e r ,
and the a l l u v i a l a q u i f e r . T h e s e c o n d i t i o n s are dynamic and can

77



change dur ing the year or l o c a l l y wi thin the v a l l e y .

D I S C U S S I O N

The mine w o r k i n g s , f r a c t u r e d s h a l e b edro ck , and a l l u v i u m are
e s s e n t i a l l y behaving as one common a q u i f e r . T h i s i s s u p p o r t e d by
t h e a q u i f e r t e s t i n g a n d s i m i l a r water c h e m i s t r y . T h e d i f f e r e n c e
be tween th e i r ground-water f l o w c h a r a c t e r i s t i c s i s due t o p h y s i c a l
p r o p e r t i e s and local h y d r a u l i c g r a d i e n t s . The a l l u v i u m hor i zon ta l
h y d r a u l i c c o n d u c t i v i t y i s a p p r o x i m a t e l y f i v e t o s i x t ime s g r e a t e r
than t h e f r a c t u r e d s h a l e b edro ck . T h e v e r t i c a l a n d h o r i z o n t a l
h y d r a u l i c c o n d u c t i v i t y o f t h e f r a c t u r e d s h a l e b e d r o c k a r e much
h i g h e r than t y p i c a l u n f r a c t u r e d s h a l e . G r o u n d - w a t e r v e l o c i t i e s i n
the a l l u v i a l a q u i f e r are most l i k e l y 1 to 2 order s o f m a g n i t u d e
g r e a t e r t h a n t h e s h a l e a q u i f e r .

T h e g r o u n d - w a t e r c h e m i s t r y d a t a i n d i c a t e s t h a t m a j o r m e t a l
l o a d i n g i n t o F r e n c h C r e e k o r i g i n a t e s f r o m t h e mine a n d m i l l s i t e
w i t h t h e f r a c t u r e d s h a l e b e d r o c k in t h e area c o n t a i n i n g th e h i g h e s t
measured m e t a l s c on taminat i on ( F i g u r e s "7 through 9) . It i s assumed
t h a t t h e m a j o r i t y o f m e t a l s c o n t a m i n a t i o n i n t h e s h a l e i s f r o m t h e
mine w o r k i n g s ( b a s e d on the h i g h l y metal c on tamina t ed nature o f the
mine w a t e r s ) , a l t h o u g h s i g n i f i c a n t me ta l l o a d i n g s c ou ld n a t u r a l l y
b e o r i g i n a t i n g f r o m t h e h i g h l y m i n e r a l i z e d f r a c t u r e d s h a l e a n d / o r
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l e a c h i n g f r o m th e s u r f a c e mine was te s and roas t er f i n e s . The
s u r f a c e l e a ch ing is s u p p o r t e d by higher m e t a l s contaminat ion in the
u p p e r a l l u v i u m in w e l l s #8, #7, and #6. The unknown d e g r e e of
downward v e r t i ca l g r a d i e n t s , i f any, w i th in t h e a l l u v i a l a q u i f e r
makes i t d i f f i c u l t t o acce s s t h e c o n t r i b u t i o n o f me ta l p o l l u t i o n
f r o m s u r f a c e l e a c h i n g . T h e r e l a t i v e d i s t r i b u t i o n o f iron, z inc,
cadmium and o th er me ta l c o n c e n t r a t i o n s in the ground wat er s b e l o w
t h e m i l l and mine s i t e t o F r e n c h G u l c h d e m o n s t r a t e t h e p o t e n t i a l
c o m p l e x i t y o f chemical r e a c t i o n s d u r i n g t h e i r t r a n s p o r t . T h i s
s t u d y has not a d d r e s s e d p o s s i b l e ground-water chemical r e a c t i o n s ,
but th er e are some i n f e r e n c e s t h a t can be made.

The h i g h e r iron c o n c e n t r a t i o n s in t h e a l l u v i a l ground w a t e r s
a r e a s s o c i a t e d w i t h t h e m i l l t a i l i n g s s o u t h o f F r e n c h G u l c h Road
( F i g u r e 1 0 ) . T h e h i g h g r o u n d - w a t e r zinc a n d cadmium c o n c e n t r a t i o n s
occur in th e v i c i n i t y o f t h e r o a s t e r f i n e s and mine w a s t e dump
( F i g u r e 8 ) . T h e r o a s t e r f i n e s a r e c o n c e n t r a t e d m e t a l o x i d e s o f
i r on , z i n c , l e a d , a n d o t h e r m e t a l s f r o m t h e m i l l i n g p r o c e s s w h i l e
t h e m i l l t a i l i n g s a r e p r e d o m i n a n t l y . i r o n s u l f i d e s a n d w a s t e rock
void o f t h e z i n c , l e a d , s i l v e r , a n d o t h e r ores. L a r g e vo lume s o f
f a i r l y o x i d i z e d ground w a t e r s have been f l o w i n g t h r o u g h t h e v a l l e y
a n d p o s s i b l y l e a c h i n g t h e iron s u l f i d e s a s s o c i a t e d w i t h t h e m i l l
t a i l i n g s . T h i s m a y account f o r t h e h i g h iron c o n c e n t r a t i o n s i n t h e
g r o u n d - w a t e r m o n i t o r i n g w e l l s i n t h e v i c i n i t y o f t h e m i l l t a i l i n g s .
The decrease in al l the me ta l c onc en t ra t i on s down grad i en t f r o m the
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ni l l t a i l i n g s may be due to o x i d i z a t i o n of the m e t a l s f o r m i n g
c o l l o i d a l hydroxy p o l y m e r s that w i l l e v e n t u a l l y p r o d u c e
p r e c i p i t a t e s (Manahan, 1 9 9 1 ) and d i l u t i o n f r o m uncontaminated u p p e r
v a l l e y ground-wat er s . The creek, s p r i n g s , and s e e p s west o f th e
s t u d y area contain red water and have bed s u r f a c e s covered wi th
" y e l l o w b o y " , an amorphous , s e m i g e l a t i n o u s iron h y d r o x i d e . An
orange s l u g e was a l s o observed p r e c i p i t a t e d on the w a l l s o f w e l l
no.2 i n t h e t a i l i n g s d i s p o s a l area ( S A I C , 1 9 9 4 ) . I n a d d i t i o n , h igh
iron concentra t ions may be causing the other m e t a l s to be absorb to
s e d i m e n t s . The source of the l o a d i n g of zinc, cadmium, and other
m e t a l s in the v i c i n i t y of the mine and mi l l s i t e remain d i f f i c u l t
to access because v er t i ca l g r a d i e n t s b e tween the mine w o r k i n g s ,
f r a c t u r e d s h a l e b e d r o c k , and a l l u v i u m wa t er s can o n l y be
p o s t u l a t e d . T h e l a r g e f l u c t u a t i o n i n s e a s o n a l w a t e r l e v e l s
p r o d u c e s t h e p o t e n t i a l o f l e a c h i n g a n d m o b i l i z i n g m e t a l s i n t h e
a l l u v i u m , mine was t e d u m p , a n d r o a s t e r f i n e s . T h e h i g h e r a l l u v i u m
g r o u n d - w a t e r t e m p e r a t u r e s in the mine and m i l l s i t e area s u g g e s t s
t h a t a t some t ime t h e r e ha s been i n f l u x f r o m d e e p e r g r o u n d - w a t e r ,
p o s s i b l y c o n t a m i n a t e d mine and s h a l e w a t e r s , and an upward v e r t i c a l
g r a d i e n t . H e a d d i f f e r e n c e s b e twe en t h e mine, s h a l e , a n d a l l u v i u m
in the area o f the cons tant d i s c h a r g e a q u i f e r t e s t s s u g g e s t s that
the s h a l e a q u i f e r may act as a s ink for the mine and a l l u v i a l
w a t e r s . T h e p o t e n t i o m e t r i c s u r f a c e shows that ground-wat er f l o w i s
f r o m t h e mine a n d m i l l s i t e in to F r e n c h G u l c h v a l l e y ( F i g u r e 2 0 ) .
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It is p o s s i b l e that contaminated mine and al luvium waters are
f l o w i n g through the f r a c t u r e d shale bedrock in a d i r e c t i o n
i n d i c a t e d by the p o t e n t i o m e t r i c s u r f a c e map and d i s c h a r g i n g down
gradi ent where the bedrock ou t crop s . A seep west of the s t u d y area
and near a l l u v i a l w e l l #7 is a s s o c i a t e d wi th the contact be tween
the a l l u v i u m and s h a l e b edro ck a s m a p p e d by L o v e r i n g ( 1 9 3 4 ) .
S u r f a c e water s a m p l i n g l a s t A u g u s t measured a n e l e c t r i c a l
c o n d u c t i v i t y f r o m th i s s e ep o f 1800 umho s / cm. T h i s c o n d u c t i v i t y i s
s i m i l a r to the me ta l c o n t a m i n a t e d ground water s at the mine and
m i l l s i t e and is not r e p r e s e n t a t i v e of the a l l u v i u m water at w e l l
#7 which ha s c o n d u c t i v i t i e s l e s s than 600 u m h o s / c m ( F i g u r e 7) . If
the s e e p water i s o r i g i n a t i n g f r o m the f r a c t u r e d s h a l e bedrock,
m a j o r metal l o a d i n g into F r e n c h Creek would most l i k e l y be f r o m the
the f r a c t u r e d s h a l e b e d r o c k in the v i c i n i t y o f the W-0 mine and
m i l l s i t e .

T h e r e a r e s evera l a d d i t i o n a l e v a l u a t i o n s tha t c o u l d b e
i n i t i a t e d t o a d d r e s s t h e i n t e r p r e t a t i o n s d i s c u s s e d i n t h i s r e p o r t .
M o n i t o r i n g o f s t a t i c wa t e r l e v e l s , e s p e c i a l l y d u r i n g h i g h f l o w
p e r i o d s , s h o u l d b e r o u t i n e l y conduc t ed t o access p o t e n t i a l s ea sonal
c h a n g e s in v e r t i c a l and h o r i z o n t a l ground-wat er movement. S u r v e y e d
s t a g e r e c o r d i n g s t a t i o n s p o s i t i o n e d a l o n g F r e n c h Creek w i l l a i d t h e
m a p p i n g o f the water t a b l e and d e t e rmine . l o s i n g and g a i n i n g reaches
a l o n g the creek. S t a g e recorders should a l s o be i n s t a l l e d in the
mine p o o l . A d d i t i o n a l s ha l e m o n i t o r i n g w e l l s should be d r i l l e d in
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the v i c i n i t y of a l l u v i a l wel l #7 and the mine and m i l l s i t e . An
a l l u v i a l moni tor ing we l l needs to be d r i l l e d south of French C r e e k .
The c h e m i s t r y o f the s h a l e waters shou ld be compared wi th the
a l l u v i a l and s e ep water s . All waters shou ld be compared wi th the
water chemis try o f u p g r a d i e n t uncontaminated d o m e s t i c water w e l l s .
G e o p h y s i c a l surveys shou ld be run on the new w e l l s to e v a l u a t e
v e r t i c a l ground-wat e r movement. T h e s e w e l l s can a l s o b e
i n c o r p o r a t e d into f u t u r e tracer surveys that would a t t e m p t to t r a c k
c o n t a m i n a n t movement f r o m th e mine w o r k i n g s , f r a c t u r e d s h a l e
bedrock , a l l u v i a l a q u i f e r , s e e p s , and French Cre ek . L e a c h i n g t e s t s
s h o u l d a l s o be c o n d u c t e d on the m i l l t a i l i n g s , r o a s t e r f i n e s , and
mine waste rock to determine their p o t e n t i a l for metal l o a d i n g . To
b e t t e r under s t and t h e f a t e o f m e t a l s i n t h e s y s t e m d e t a i l e d s u r f a c e
and g r o u n d - w a t e r c h e m i s t r y , s h o u l d be s t u d i e d in terms of
s p e c i a t i o n , c o m p l e x a t i o n , s o l u b i l i t i e s , r edox r e a c t i o n s , i o n
e x change and o ther p o t e n t i a l aquat i c chemical r e a c t i o n s .
U l t i m a t e l y , m e t a l l o a d i n g and mass b a l a n c e e v a l u a t i o n s need t o b e
a d d r e s s e d . D e t a i l e d u n d e r g r o u n d mine maps need t o b e c o m p i l e d f o r
v o l u m e t r i c and mine wa t e r chemical a n a l y s e s to a c c o m p l i s h any m e t a l
l o a d i n g a n d mass b a l a n c e e v a l u a t i o n s .
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S U M M A R Y A N D C O N C L U S I O N S

T h e a q u i f e r t e s t s , ground-water ch emi s t ry , a n d g e o l o g y
i n d i c a t e d that the W e l l i n g t o n - O r o mine workings , the f r a c t u r e d
s h a l e b edro ck , and the a l l u v i a l a q u i f e r are in h y d r a u l i c
communication. The m a p p i n g o f chemical paramet er s and metal
c o n c e n t r a t i o n s showed th e m a j o r source o f m e t a l s p o l l u t i o n i s
l o c a t e d in the v i c i n i t y of the mine and m i l l s i t e nor th of F r e n c h
G u l c h Road. It i s p o s s i b l e that a l a r g e p o r t i o n o f metal t r a n s p o r t
i s t h rough the mine workings and f r a c t u r e d s ha l e b e d r o c k to F r e n c h
G u l c h . S i g n i f i c a n t meta l l o a d i n g into F r e n c h G u l c h m a y b e
o c c u r r i n g f r o m t h e d i s c h a r g e o f c o n t a m i n a t e d wat er west o f t h e
s t u d y area f r o m s p r i n g s and s e e p s a s s o c i a t e d wi th th e s u r f a c e
e x p o s u r e o f t h e b edro ck w i th t h e m a j o r p a t h w a y f o r m e t a l s b e ing t h e
g r o u n d - w a t e r a s s o c i a t e d wi th t h e f r a c t u r e d and f a u l t e d s h a l e
b e d r o c k . M a p p i n g o f m e t a l c o n c e n t r a t i o n s i n t h e a l l u v i a l a q u i f e r
s u g g e s t s that o x i d a t i o n o f iron s u l f i d e s are p r e c i p i t a t i n g iron and
o t h e r m e t a l s . The h i g h iron c o n c e n t r a t i o n s can a l s o b e r e s p o n s i b l e
f o r t h e a b s o r p t i o n o f o t h e r m e t a l s . T h i s o x i d a t i o n p r o c e s s c o u l d
be p r e v e n t i n g th e a l l u v i a l a q u i f e r f r o m b e ing a m a j o r source and
t r a n s p o r t mechani sm o f heavy m e t a l s t o F r e n c h C r e e k . T h e
c o n t r i b u t i o n o f s u r f a c e l e a c h i n g o f m e t a l s f r o m t h e mine was t e
rock , r o a s t e r f i n e s , and m i l l t a i l i n g s t o t h e g r o u n d - w a t e r and
F r e n c h G u l c h needs a d d i t i o n a l i n v e s t i g a t i o n .
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HOLE No. 15Collar Bev. 9789
DRILLER Wm- Matthews T o t a l Depth 46
RIG TYPE Track Driii #1 Date Started 10/17/94METHOD dwnhole hammer Date Compl . 10/19/94HOLE SIZE 4JTL Logged By B.Stover
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C h e m i c a la n a l y s i s
ca t i onsN a
KM gCaF eM nZn
T o t a l s
an ions
H C O 3
C l
SO4
F
T o t a l sc a t i o n / a n i o n ra t i o=

W e l l#1 A"- •
m g / l m e q / l

Date
1 1 / 1 7 / 9 3meq(%)

14.04
2.90

119.40
388.00
108.84

34.36
131.90

78.00
2.45

1750.00
3.10

1.03

0.61
0.07
9.55

19.40
3.90
1.25
4.03

38.82

1.28
0.07

36.19
0.12

37.66

C h e m i c a la n a l y s i s
cat ionsN aKM gCaF eMnZn
T o t a l s
anionsH C O 3
Cl
SO4
F
T o t a l s
c a t i o n / a n i o n ratio=

W e l l
#3 AL L' c

m g / l

10.36
2.20

97.64
311.00
243 JO

42.60
140.48

21.00
2.40

1750.00:
' 1.32!

,ur*>*i

m e q / l

0.45
0.06
7.81

15.55
8.72
1.55
4.30

38.43

0.34
0.07

36.19
0708

Date
1 1 / 1 7 / 9 3
meq(%)

36.68
1.05

C h e m i c a la n a l y s i s
ca t ionsN aKM gCa
F e
M n
Zn
T o t a l s
an ions
H C O 3
Cl
SO4
F
T o t a l sc a t i o n / a n ion rat io=

W e l l#2 ALL 4
m g / l

11.86
3.00

97.28
448.00
174.38

30.24
76.60

82.00
2.58

1710.00
3.03

?
m e q / l

0.52
0.08
7.78

22.40
6.25
1.10
2.34

40.46

1.35
0.07

35.36
0.12

Date
1 1 / 1 7 / 9 3
meq(%)

36.90
1.10

C h e m i c a la n a l y s i s
cationsN a
KM gCaF eM nZn
T o t a l s
anions
H C O 3
Cl
SO4
F
T o t a l sc a t i o n / a n i o n ratio=

W e l l . .
#4 AL

m g / l

14.16
3.30

113.40
381.00

82.54
31.90

123.72

82.00
2.54

1640.00
2.96

v ^ Date
1 1 / 1 7 / 9 3m e q / l meq(%)

0.62
0.08
9.07

19.05
2.96
1.16
3.78

36.72

1.35
0.07

33.91
0.12

35.45
1.04

b-zo



F R E N C H G U L C H C H E M I C A L D A T A

C h e m i c a la n a l y s i s
cat ionsN aK
M gCa
F eM nZn
T o t a l s

W e l l
#5m g / l m e q / l

14.72
3.40

118.30
401.00

97.38
34.00

123.26

Date
1 1 / 1 7 / 9 3meq(%)

0.64
0.09
9.46

20.05
3.49
1.24
3.77

38.74

Chemica la n a l y s i s
cationsN aKM gCaF eMnZn
T o t a l s

W e l l
#7m g / l m e q / l

Date
1 1 / 1 7 / 9 3meq(%)

3.93
1.50

31.66
134.00

50.62
15.36
21.68

0.17
0.04
2.53
6.70
1.81
0.56
0.66

12.48
anion s
H C O 3
Cl
SO4
F
T o t a l sc a t i o n / a n i o n ratio=

102.00
2.34

1870.00
3.02

0.96

1.68
0.07

38.67
0.12

40.53

anions
H C O 3 43.00 0.71
Cl 1.69 0.05
SO4 460.00 9.51
F 0.96 0.04
T o t a l s 10.30c a t i o n / a n i o n ratio= 1.21

C h e m i c a la n a l y s i s
cat ionsN aKM g
Ca
F e
M n
Zn
T o t a l s
anionsH C O 3C l
SO4
F
T o t a l sc a t i o n / a n i o n ratio=

W e l l
#6 A1- *•m g / l

13.93
3.70

110.00
434.00

62.46
21.48
48.24

114.00
2.41

1580.00
2.86

- ^JU '
m e q / l

0.610.10
8.80

21.70
2.24
0.78
1.48

35.70

1.87
0.07

32.67
0.11

Date
1 1 / 1 7 / 9 3meq(%)

34.73
1.03

Chemica la n a l y s i s
cationsN aKM gCaF eMnZn
T o t a l s
anionsH C 0 3Cl
SO4
F
T o t a l sc a t i o n / a n i o n ratio=

W e l l
#8L £$•m g / l

13.20
2.80

123.60
378.00
104.00

43.62
186.48

76.00
2.49

1850.00
3.06

v \ A j ^ ^
m e q / l

0.57
0.079.89

18.90
3.72
1.59
5.70

40.45

1.25
0.07

38.25
0.12

Date
1 1 / 1 7 / 9 3meq(%)

39.70
1.02



F R E N C H G U L C H C H E M I C A L D A T A

C h e m i c a la n a l y s i s
c a t i o n sN a
KM gCaF eM nZn

W e l l#9
m g / l m e q / l

D-Eo
Date
1 1 / 1 6 / 9 3meq(%)

1.31
1.00
1.96

24.63
5.00
8.00
0.12

0.06
0.03
0.16
1.23
0.18
0.29
0.00

C h e m i c a la n a l y s i s
cationsN aKM gCaF eMnZn

W e l l#11
m g / l m e q / l

Date
1 1 / 1 6 / 9 3
meq(%)

2.06
1.10
3.65

29.43
5.00
0.06
2.93

0.09
0.03
0.29
1.47
0.18
0.00
0.09

T o t a l s 1.94 T o t a l s 2.15
anion s
H C O 3
Cl
SO4
F

51.00
0.50

20.60
0.20

0.84
0.01
0.43
0.01

anionsH C O 3Cl
S04
F

45.00
1.55

45.70
0.20

0.74
0.04
0.94
0.01

T o t a l sc a t i o n / a n i o n ratio= 1.51 1.29 T o t a l sc a t i o n / a n i o n ratio= 1.24
1.74

C h e m i c a la n a l y s i s
ca t ions
N a
K
M gCaF eM nZn
T o t a l s
anions
H C O 3
Cl
SO4
F
T o t a l sc a t i o n / a n i o n ratio=

W e l l Date
#8U IM-L. 1 1 / 1 7 / 9 3m g / l

13.02
2.30

135.10
378.00
429.00

50.42
25.20

0.00
3.67

2610.00
4.30

m e q / l meq(%)

0.57
0.0610.81

18.90
15.37

1.84
0.77

48.30

0.00
0.10

53.97
0.17

54.25
0.89

C h e m i c a la n a l y s i s
cationsN a
KM gCaF eM nZn
T o t a l s
anionsH C O 3
Cl
S04
F
T o t a l sc a t i o n / a n i o n ratio=

W e l l
# 1 2 C 7 & " ' 1

m g / l

5.19
5.105.65

38.38
5.00
0.11
0.11

82.00
3.29

54.80
0.20

,̂  Date
1 1 / 1 6 / 9 3m e q / l meq(%)

0.23
0.130.45
1.92
0.18
0.00
0.00
2.91

1.35
0.09
1.13
0.01
2.58

1.13

D-2.0



0-6-0

C h e m i c a la n a l y s i s
ca t i ons
N a
K
M gCaF eM nZn
T o t a l s
anion s
H C O 3
C l
SO4
F
T o t a l sc a t i o n / a n i o n ratio=

Well .
#13 "̂m g / l

23.97
10.80

228.10
393.80

20.47
130.06

1495.00

23.00
7.49

4190.00
5.95

tz.L.&-

m e q / l

1.04
0.28

18.25
19.69,

0.73
4.73

45.73
90.46

0.38
0.21

86.64
0.24

Date
1 1 / 1 6 / 9 ^meq(%)

87.47
1.03

C h e m i c a la n a l y s i s
cat ionsN a
KM gCaF eM nZn
T o t a l s
anions
H C O 3
Cl
SO4
F
T o t a l sc a t i o n / a n i o n ratio=

W e l l#14m g / l m e q / l
Date
1 1 / 1 6 / 9 3
meq(%)

22.25
3.10

34.02
215.20

0.12
0.49
0.07

0.97
0.08
2.72

10.76
0.00
0.02
0.00

108.00
15.30

560.00
0.99

1.05

14.55

1.77
0.43

11.58
0.04

13.83

C h e m i c a l
a n a l y s i s

c a t i o n s
N a
K
Mg
Ca
F e
Mn
Zn

M i n e
W a t e r
m g / l

20.5
5.2
185
365

2040
310
158

D a t e
, , 3 / 9 / 9 3m e q / 1

0.89
0.14
14.80
18.25
73 .10
11.28

4.83
T o t a l s 1 2 3 . 2 9
a n i o n s
H C 0 3
C l
S 0 4
F
T o t a l s
c a t i o n / a n i o n

0
45

5348
0

r a t i o =

0
1.26

110.58
0

111.84
1.10

D-2L0





o £, VA

o
X

0°

r- r-

o -c.
x 

n
r> 

—
O

ro

-0 o



30— f -



3O O 30

5D*/

120-f



Fe 
Con

cen
tra

tion
 

(rne
q/i}

o>

II! i^feft siite ~n CD'
i_ j IT 

^ J
W 

_I"

O Q.

i\J

ro 
Co 

-P^
O

 
O

 
O

•-==,
 

/—. 
?—%

-̂-̂ 
--

-n
f 

%f̂
O

03



CD O Q.

Zn 
& F

e C
onc

ent
rat

ion 
(me

q/ij 00

IL/

S 
23

 
^

o 
o 

o

D-Z
-2.



Con
cent

rati
on 

(me
q/i)

ro
01

Ni

o



0
ln uoim4uaouoQ p^

o 
o

o 
o

r-= 
CD

oLT>
o 

o
r 

j 
f™

™
^

CO 
CNJ

Oo
r~i

0)IL.CNj

LO
CM

•r-
n 5

i 
I VJ

•-—4 
-^•

——1 
W



Zn 
& F

e C
onc

ent
rat

ion 
(me

q/l)
ro 

*» 
c& 

o&

Nl °n
I 

i

b 
: —

 
ro

i"""*
 

i"
°j

O
 

O
03 o t""J

F-- o o
~ 

ir
v

t 
J 

! o 1^
3

S 
^

o 
c

onc
ent

rat
ion

 (
ua/

l)



2n 
& F

e C
onc

ent
rat

ion
 

(me
q/l)

o 0.

i. i
 f

I
f)

O

o 
o

o 
o

5 O
 

O
J=

T:
 

J«
* 

'
w 

w
 ^

i_j 
c> 

cu
rO o

d C
onc

ent
rat

ion
 

(uq
/l)



A P P E N D I X
E

A Q T E S O L V C U R V E - M A T C H I N G F O R R I S I N G H E A D ( R H ) A N D
F A L L I N G H E A D ( F H ) S L U G T E S T S

F R E N C H G U L C H M O N I T O R I N G W E L L S
#11
#1
#2
#3
#7
#8



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n Mine

OII

0.001

C l i e n t : E P A / C D H / C M G L i J
Location: Breckenridge, CO

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 1 1 F H

10.0

D A T A S E T
w m 1 1 f h s t . d a t
1 0 / 1 4 / 9 4

A Q U I F E R T Y P E
C o n f i n e d
S O L U T I O N M E T H O D
C o o p e r et. al.
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
11
OBS. W E L L
11

E S T I M A T E D P A R A M E T E R S
T = 0 . 0 1 7 3 f t 2 / m i n
S = 0.004355

T E S T D A T A
HO = 4.3 ft
re = 0.08333 ft
rw = 0.1667 ft

1 1 F H . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Location: B r e c k e n r i d g e , CO

OI

F r e n c h G u l c h M i n e H y d r o l o g y - Wel l 11 RH

o.o
0.001 10.0

D A T A S E T
w m 1 1 r h s t . d a t
1 0 / 1 4 / 9 4

A Q U I F E R T Y P E
C o n f i n e d
S O L U T I O N M E T H O D
C o o p e r et. al.
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
11
OBS. W E L L
11

E S T I M A T E D P A R A M E T E R S
T = 0.01902 ftVmin
3 = 0.009129

T E S T D A T A
HO = 4.92 ft
re = 0.08333 ft
rw = 0 . 1 6 6 7 f t

1 1 R H . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Location: Breckenr idge , CO

F r e n c h G u l c h M i n e H y d r o l o g y - Wel l 01 RH

1.0

£
£
8
Q.
Q

0.1

0.01
0.0 0.12 0.24 0.36

T i m e ( m i n )
0.48

D A T A S E T
wm01rhs t .dat
1 0 / 1 4 / 9 4

A Q U I F E R T Y P E
U n c o n f i n e d
S O L U T I O N M E T H O D
Bouwer-Rice
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
01

OBS. W E L L
01

E S T I M A T E D P A R A M E T E R S
K = 0.005343 ft/min
yO = 0 . 1 9 6 6 f t .

T E S T D A T A
HO = 4 ft
re = 0.833 ft
rw = 0 . 1 6 6 7 f t
L = 1 3 f t
b = 2 9 f t
H = 2 9 f t

0 1 R H 2 . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Location: Breck enr idge , CO

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 02RH

10.0

o>
0)u

— — — F T F T [ I T T T T

4.0 8.0 12.0
T i m e ( m i n )

16.0 20.0

D A T A S E T
wm02rh s t .da t
1 0 / 1 7 / 9 4

A Q U I F E R T Y P E
U n c o n f i n e d
S O L U T I O N M E T H O D
Bouwer-Rice
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
02

O B S . W E L L
02

E S T I M A T E D P A R A M E T E R S
K = 0.0001537 ft/min
yO = 4.433 ft.

T E S T D A T A
HO = 5.2 ft
re = 0.0833 ft
rw = 0 . 1 6 6 7 f t
L = 1 0 f t
b = 2 5 f t
H = 3 2 f t

0 2 R H 1 . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Location: Breckenr idge , CO

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 0 2 F H

10.0

o>
0)o«j
CLW5

0.01
0.0 3.6 7.2 10.8

T i m e ( m i n )
14.4 18.0

D A T A S E T
w m 0 2 f h s t . d a t
1 0 / 1 7 / 9 4

A Q U I F E R T Y P E
U n c o n f i n e d
S O L U T I O N M E T H O D
Bouwer-Rice
T E S T D A T A
1 0 / 1 2 / 9 4
T E S T W E L L
02

OBS. W E L L
02

E S T I M A T E D P A R A M E T E R S
K = 0.0002082 ft/min
yO = 4.238 ft.

T E S T D A T A
HO = 5 ft
re = 0.0833 ft
rw = 0 . 1 6 6 7 f t
L = 1 0 f t
b = 2 5 f t
H = 3 2 f t

0 2 F H 1 . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

O
1

1.0 f=

C l i e n t : E P A / C D H / C M G
Location: Breckenr idge , CO

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 0 2 F H

1.0 10.0
T i m e ( m i n )

100.0

D A T A S E T
w m 0 2 f h s t . d a t
1 0 / 1 7 / 9 4

A Q U I F E R T Y P E
C o n f i n e d
S O L U T I O N M E T H O D
C o o p e r et. al.
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
02

OBS. W E L L
02

E S T I M A T E D P A R A M E T E R S
T = 0.0044 ftVmin
S = 2.5168E-06

T E S T D A T A
HO = 5 ft
re = 0.08333 ft
rw = 0 . 1 6 6 7 f t

W 0 2 F H . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Location: Breckenr idge , CO

O
I

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 02RH

0.01 100.0

D A T A S E T
wm02rhst.dat
1 0 / 1 7 / 9 4

A Q U I F E R T Y P E
C o n f i n e d
S O L U T I O N M E T H O D
C o o p e r et. al.
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
02
OBS. W E L L
02

E S T I M A T E D P A R A M E T E R S
T = 0.001442 frVmin
8 = 0.002102

T E S T D A T A
HO = 5.2 ft
re = 0.08333 ft
rw = 0 . 1 6 6 7 f t

uJ

W 0 2 R H . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Locat i on: Breckenridge , CO L i j

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 0 3 F H

.1.0
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0)o«J
Q.
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0.0 0.1 0.2 0.3

T i m e ( m i n )
0.4 0.5

D A T A S E T
w m 0 3 f h s t . d a t
1 0 / 1 7 / 9 4

A Q U I F E R T Y P E
U n c o n f i n e d
S O L U T I O N M E T H O D
Bouwer-Rice
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
03

O B S . W E L L
03

E S T I M A T E D P A R A M E T E R S
K = 0.03159 ft/min
yO = 3.067 ft.

T E S T D A T A
HO = 3 ft
re = 0.08333 ft
rw = 0 . 1 6 6 7 f t
L = 1 5 f t
b = 3 8 f t
H = 3 8 f t

W 0 3 F H . C D R



Research P r o j e c t
P r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Locat i on: Breckenr idge , CO

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 03RH

10.0

1.0

toI(0
Q.W
Q 0.1

0.01rrr 0.0 0.04 0.08 0.12
T i m e ( m i n )

0.16 0.20

D A T A S E T
wm03rhst .dat
1 0 / 1 7 / 9 4

A Q U I F E R T Y P E
U n c o n f i n e d
S O L U T I O N M E T H O D
Bouwer-Rice
T E S T D A T A
1 0 / 1 2 / 9 4

T E S T W E L L
03
OBS. W E L L
03

E S T I M A T E D P A R A M E T E R S
K = 0.04513 ft/min
yO = 1.483 ft.

T E S T D A T A
HO = 3 ft
re = 0.0833 ft
rw = 0.1667 ft
L = 1 5 f t
b = 3 8 f t
H = 3 8 f t

W 0 3 R H . C D R



Research P r o j e c t
p r o j e c t N O : W e l l i n g t o n M i n e

C l i e n t : E P A / C D H / C M G
Location: B r e c k e n r i c J g e , CO

F r e n c h G u l c h M i n e H y d r o l o g y - W e l l 0 7 F H

1.0

o>
0)uJ SQ.V)
Q
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0.01
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f n
0.2 0.3

T i m e ( m i n )
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D A T A S E T
w m 0 7 f h s t . d a t
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T E S T D A T A
1 0 / 1 2 / 9 4
T E S T W E L L
07

OBS. W E L L
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